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2 T. H, CLARK—STRUCTURE AND STRATIGRAPHY OF QUEBEC 


INTRODUCTION 


The area covered by this report has been surveyed (1923-1931) by 
parties of the Geological Survey of Canada, for the most part under the 
leadership of the author. The work was undertaken because of the urgent _ 
need for a standard section across the Appalachians of southern Quebec, 
often called the Notre Dame Hills (see Fig. 1). For ninety years the 
Survey has maintained parties in this region, but in the early days, be- 
cause of inherent difficulties and because of a failure to appreciate the 
fact that stratigraphic standards west of the frontal fault of the Appa- 
lachians could not be safely applied to the folded rocks to the east, the 
region came to be considered of such structural and stratigraphic com- 
plexity that little serious detailed regional work was attempted. Local 
areas, around Quebec City and Lévis, Thetford, Philipsburg, and other 
cities, were more or less intensively studied, but with generally indifferent 
results. Later, these and other regions were subjected to intensive sur- 
veying, with more gratifying results. Much yet remains to be done, but 
the compilation of outcrop maps, now being carried on by the Survey, 
will immeasurably increase the effectiveness of the work and will be of 
great benefit to future investigators. 

In order to make available the main results of the work so far accom- 
plished, this short résumé is here published, anticipating the more de- 
tailed treatment in three forthcoming memoirs of the Geological Survey 
of Canada. A subsequent bulletin concerned with the paleontology of the 
rocks of this area is also contemplated. 

Faced with the problem of where to make a transmontane section that 
could serve as a convenient standard, the Survey decided that a section 
based upon the quadrangles immediately north of the international 
boundary would provide as much variety of both stratigraphic units and 
structural relationships as could be desired. Results show this decision 
to have been well founded. 

The area involved in this work comprises the Lacolle, the Sutton, and 
the Memphremagog quadrangles. (Figs. 1, 2.) The front of the Appa- 
lachian Mountains passes through the boundary of the Lacolle and Sutton 
quadrangles at about N. 20° E., making a natural division of the first 
order. West of this line is the foreland; eastward is a series of thrust 
slices extending for twenty miles more or less, giving way to the massif 
of the Sutton Mountains schists, which in turn is followed in the Mem- 
phremagog quadrangle by Lower and Middle Paleozoic slates, lavas, and 
limestones, more or less intensely folded. Thus, a simple four-fold divi- 
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INTRODUCTION 5 


sion of the area is easily attained and forms the basis of the treatment 
given in this paper. 

The author wishes to record his indebtedness to Dr. F. A. Kerr, of 
the Geological Survey of Canada, who mapped the eastern half of the 
Memphremagog quadrangle in 1923, several years before the writer’s 
program of work was begun. Dr. Kerr’s maps and reports have been 
placed at the author’s disposal by the Director of the Survey, and have 
been freely drawn upon. He wishes also to express his appreciation of 
the work done by Dr. H. W. McGerrigle and Dr. H. W. Fairbairn, who, 
as his assistants, were responsible for the mapping of the Lacolle quad- 
rangle and the Sutton Mountains, respectively. Other acknowledg- 
ments will be recorded in the forthcoming fuller reports. A short and 
by no means complete bibliography of the more important papers on this 
area is given on page 20. 


AREAL GEOLOGY 
FORELAND 


The foreland consists of Cambrian and Ordovician strata, resting upon 
an unknown basement. The sequence of beds is given in Table I (p. 6).? 
One or two features need to be particularly mentioned. The Potsdam sand- 
stone is exposed only in the southwest corner of the Lacolle quadrangle. 
At its upper limit it contains a considerable quantity of wind-blown sand, 
which, together with a relatively great break in the paleontological se- 
quence, indicates an unconformity between the Potsdam and the follow- 
ing Beekmantown. Hitherto, it has been considered that the two forma- 
tions graded into each other with no time break. The Beauharnois 
dolomite is followed by an unconformity, over which is conglomerate of 
Trenton age, containing boulders of Beauharnois dolomite and of a 
limestone with a Lower Trenton fauna. The fact that there is no Trenton 
limestone in place here indicates a considerable erosion interval, approxi- 
mately in the Middle Trenton. This Lacolle conglomerate, although 
prominently and typically exposed around the village of Lacolle, has not 
previously been described. Both the Stony Point and the Iberville (new 
name) formations are shales containing graptolites. 

As is usual in the rocks of the foreland, these beds are for the most 


1 Although detailed statements regarding some of the formations listed in Tables I 
and III are not yet in print, their inclusion at this stage is justified as a matter of 
record to obviate confusion. Full descriptions await final publication by the Geological 
Survey of Canada. Meanwhile, brief references to the lower members of the Philipsburg 
series will be found in McGerrigle, 1930 (see Bibliography), and to the lower members 
of the Oak Hill series in Clark, 1931. 
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part horizontal, but toward the east they have suffered from the pressure 
of the Appalachian slices moving westward over the thrust planes and 
are more and more folded, and even crumpled, close to the fault. At the 
thrust itself the slates are contorted out of all resemblance to the western 
orderly sequence. 


MOUNTAIN-BUILT TERRANE 
Thrust slice zone 


The boundary between the foreland and the folded rocks of the moun- 
tain-built area is a thrust fault, or a series of thrusts whose westernmost 
expression has, for convenience, been known as Logan’s Line. Neglecting 
the Granby slice of Sillery slate, which appears only at the northern end 
of the boundary, the rocks east of and adjacent to Logan’s Line all be- 
long to one slice, here called the Philipsburg slice. 


TasLe I.—Formations exposed in the Lacolle and Sutton quadrangles 


| Rosensgerc| Oak Surron 
FORELAND Suice Siicz Mountains 
Utica (7?) Iberville 
Trenton Stony Point | Stanbridge 
Lacolle Various Various 
- Chazy Chazy Mystic schists, 
< Basswood Cr. possibly 
Corey shales 
2 U. Canadian St. Armand Ordovician, 
Solomon's Cor. 
probably 
2 M. Canadian | Beauharnois 
OlE called U. Cambrian, 
L. Canadian 
certainly 
4 Luke Hill 
Naylor Ledge L. Cambrian, 
| U. Ozarkian Hastings Cr. “Georgia” 
Morgan Cor. including 
Wal Cr. 
Strites Pond the © 
M. Ozarkian Mansville 
L. Ozarkian | Potsdam Rock River Phase 
U. Cambrian Highgate of the 
Milton 
Oak Hill 
< | M. Cambrian 
Series, 
Sweetsburg collectively 
Scottsmore 
oO Hill called the 
L. Cambrian Mallett Dunham 
Gilman Sutton Schists 
West Sutton 
White Brook 
Pinnacle 
Call Mill 
Pre-Cambrian Tibbit Hill Tibbit Hill 
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8 T. H. CLARK—STRUCTURE AND STRATIGRAPHY OF QUEBEC 


Philipsburg slice—The strata of this slice range in age from Upper 
Cambrian to Chazy and, probably, Trenton. They consist (see Fig. 3 
and Table I) of about 2500 feet of dolomites, limestones, and limestone 
conglomerates, followed by an indefinite thickness of black slates (Stan- 
bridge formation) probably another 2500 feet thick. The lower com- 
petent beds have undergone more or less gentle folding, whereas the 
slates and shales above have been so intricately deformed that little hope 
can be entertained of determining their true stratigraphic succession. 
The Philipsburg sediments abound in problems concerned with dolomiti- 
zation, with the origin of limestone conglomerates, and with purely 
paleontological matters.? One reason for the confusion that has reigned 
for three quarters of a century is the fact that in the early days fossils 
were labelled “Philipsburg” or “One mile east of Philipsburg,” thus 
bringing together into one collection fossils from widely separated strati- 
graphic horizons and making it virtually impossible today to identify 
the stratum from which they came. However, having carefully collected 
from each of the thirteen subdivisions now recognized, we hope to be 
able to straighten out a great many of the existing difficulties. 

The lower and upper boundaries of this slice are both well exposed, 
the lower being a clean-cut thrust, the upper a brecciated thrust zone 
which involves the top of the Philipsburg slice as well as the base of the 
overlying Rosenberg slice. 


Rosenberg slice—The stratigraphic succession of the rocks of this 
slice begins with the Mallett dolomite of Lower Cambrian age, which is 
succeeded by the Milton dolomite and the Highgate limestone of Upper 
Cambrian age, and these in turn by the so-called Georgia slate formation 
(Fig. 3). This slate contains an abundance of lenses of limestone and 
limestone conglomerate. 

The boundary between the northern part of the Rosenberg slice and 
the Philipsburg slice is difficult to determine, not only because of the 
lack of diagnostic fossils, but also because of the lithologic similarity of 
the contiguous beds of the slices. 


Granby slice—Near the northwest corner of the Sutton quadrangle 
(Fig. 2) the southernmost part of the Granby slice, consisting of red 
slates of Sillery age, barely appears. This slice considerably widens out 
northward. 


2 8ee abstracts of papers by E. O. Ulrich and H. W. McGerrigle in Bull. Geol. Soc. 
Am., vol. 42 (1931) pp. 847-848. 
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Oak Hill slice—Bounding both the Philipsburg and the Rosenberg 
slices on the east is the Oak Hill slice, whose western margin is nearly 
everywhere a steep west-facing escarpment, held up because of the su- 
perior resistance to erosion of the Oak Hill beds. This slice extends 
eastward from seven to ten miles across its strike. Near its eastern limits 
its strata rest upon a chlorite schist. Because the beds are known by 
their fossils to be Lower Cambrian, the schist basement is presumed to 
be pre-Cambrian. The sedimentary series concerned * is given in Table 
I (p. 6). A minimum estimate for the entire thickness is between 
3000 and 4000 feet. The beds are all folded, the deformation showing 
to best advantage in the thinner lower members. Within the chlorite 
schist the Oak Hill beds are let down in the form of synclines, one of the 
best of which is shown northeast of Pinnacle Mountain, which is capped 
with the base of a syncline of the Pinnacle graywacke. 

The Gilman quartzite lacks obvious stratification, and in its entire 
width of four to six miles rarely shows any structure. Lower Cambrian 
trilobites have been found in certain limestone members of the Dunham 
dolomite, and Lower Cambrian brachiopods in the Gilman quartzite. 
The White Brook and the Dunham dolomites are similar, especially in 
their general lack of stratification, brown color, and abundance of quartz 
in veins and small irregular masses, but are separated by more than 
2000 feet of Gilman quartzite. 

Brome Mountain, an intrusive belonging to the Monteregian Province, 
cuts across the beds of the Oak Hill slice. Its age, however, is much 
later, being certainly post-Lower Devonian. 


Sutton Mountains belt 

East of the chlorite schist is a belt of low-grade metamorphic rocks, nine 
to thirteen miles wide across the strike, occupying the Missisquoi (West 
Branch) Valley and the Sutton Mountains. These consist of sericitic, 
siliceous, and carbonaceous schists, with, here and there, beds of dolo- 
mitic marble and quartzite. Everywhere the sedimentary origin of these 
schists is apparent. Locally throughout this mass, particularly in the 
heart of the Sutton Mountains, the rocks have been so impregnated with 
albite as properly to be called gneisses. This albite is interpreted as 
resulting from the recrystallization of the soda content of the original 
sediments under the influence of metamorphosing agencies. Analyses 


*These beds were in part reported to this Society at the Toronto meeting in 1930, 
to which report there is at this time little to add, except that the new name, Gilman, 
has replaced Cheshire, and that the younger post-Oak Hill slate formations have been 
differentiated. 
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show a relatively high content of both soda and potash in the albite-free 
schist. These schists are, for the most part, intensely deformed, but in 
general have an anticlinal form, which is locally greatly complicated by 
drag folds. 

Because on the east these schists grade insensibly into slates whose 
age is presumed to be Upper Cambrian, and because of the presence 
within the schists of dolomite beds resembling in all respects, save 
metamorphism, the White Brook and the Dunham dolomites, and because 
along their western margin the schists include the basal beds of the Oak 
Hill series together with the Tibbit Hill chlorite schist, the writer has 
come to the conclusion that the schists represent not only the Oak Hill 
series, but also a thick body of sediments younger than anything in that 


Taste II.—Comparison between Normal and Mansville phases of the Oak Hill 
Series, Sutton quadrangle 


OAK HILL SERIES 


Norma Pass THICKNESS IN Feet MANsvVILLE 

LOWER CAMBRIAN LOWER CAMBRIAN 

weetsburg 8 

Soottemore qste. 300 + 60 Phyllite and slate 

Oak Hill slate 

Dunham dolomite 40- 150 10 Upper dolomitic marble 

Gilman quartzite 2000 + 35-100 Upper sericite schist 

West Sutton slate 40- 250 0- Upper slate _ 

White Brook dolomite 20- 75 10- 70 Lower dolomitic marble and schist 

Pinnacle graywacke 6- Lower sericite ist 

Call Mill slate 1- 100 1 Lower slate 
PRE-SAMBRIAN PRE-CAMBRIAN 

2801-3275 122-272 


series, including not only other Lower Cambrian beds, but Upper Cam- 
brian, and possibly Ordovician, as well. The details of the accumulation 
of these sediments are too involved to enter into here. In brief, it is 
assumed that sedimentation began in a geosyncline which was approxi- 
mately limited in width to the present outcrop of the Oak Hill series, 
and that as the Lower Cambrian progressed, the trough widened and 
deepened eastward, so that by Upper Cambrian time its eastern border 
lay at least a score of miles to the east, and by Ordovician time it may 
well have been a hundred miles to the east. Hence, along the trace of 
the Brome underthrust and immediately to the east of it, the Oak Hill 
series is remarkably thin, as shown by the accompanying comparative sec- 
tions (Table II). Here, these sediments within the area of the Sutton 
schists, though still recognizable as the Oak Hill beds, have suffered a 
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low-grade metamorphism that has all but obscured their original char- 
acteristics. Here and there throughout the western part of the Sutton 
schist area similar rocks occur, which fact indicates that in anticlinal 
folds the underlying Oak Hill beds are brought up to the surface. No- 
where east of the main Sutton Mountains anticlinal axis do we find such 
indications. These metamorphosed equivalents have been called the 
Mansville phase of the Oak Hill series, the name being taken from a 
village north of Sutton. Throughout this paper these rocks are referred 
to as the “Mansville phase” for the term “Mansville” alone might easily 
be confused with “Mansonville.” 


Memphremagog complex 
Mansonville, Magog, and Tomifobia slates.—In the eastern quadrangle, 
called the Memphremagog, there is a considerable variety of formations 


TaBLe III.—Formations of the Memphremagog Quadrangle 
(exclusive of the Sutton Schists) 


ComMPLex Tomirosia Siice 
Post-Dev. (?) Stanstead granite Stanstead granite 
Devonian Marine shales and limestones. : 
Silurian Certainly Silurian, possibly Devonian 
Late or Post-Ordov. | Bolton Igneous Series 
Ordovician Magog slates Tomifobia slates and limestones 
Upper Camb. Mansonville slates 
Lower Camb. Bunker slates 
Pre-Cambrian None exposed None exposed 


(Table III). The Sutton schists occupy the western quarter, and grade 
eastward into the Mansonville slates and quartzites, presumably of 
Upper Cambrian age, although no fossils have been found. These are 
succeeded, with no observed unconformity, by a thick series of car- 
bonaceous mudstones, called the Magog slates, and these latter contain 
Trenton graptolites at several places on both sides of Lake Memphre- 
magog. Between this lake and the east-facing escarpment immediately 
west of the Fitch Bay-Lake Massawippi depression is a variety of lower 
formations—sandstones, grits, slates, and conglomerates—to which Kerr, 
in his manuscript, has assigned names and ages from the Lower Cam- 
brian (Bunker formation) to the Ordovician. In this he is probably 
correct, and therefore Lake Memphremagog lies in a synclinorial axis 
as far as these Cambrian-Ordovician strata are concerned, although other 
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controls have operated to place it in its present location. The escarpment 
referred to has been interpreted by Kerr as an underthrust fault (named 
by him the Bunker thrust) with the younger (Ordovician) beds thrust 
westward under the older (presumably Lower Cambrian and higher) 
beds of the escarpment. The graptolites of the slates to the east of the 
thrust, which Kerr calls the Tomifobia series, closely resemble those of 
the Magog slates, and they may eventually lead to a correlation of the 
latter with the Tomifobia formation. They are, however, petrographi- 
cally more calcareous, even containing beds of dark limestone. 


Bolton igneous series.—On both sides of Lake Memphremagog there 
are large masses of metabasalt, metagabbro, and metaperidotite, which 
we have called the Bolton igneous series. They stand up as subconical 
hills, and have the physiographic appearance of volcanic necks or stocks. 
Hitherto they have invariably been considered intrusions. However, 
pillow structure is common in many places—the pillows being inclined 
at high angles—and breccias of the fragmented roof type are known. 
Flow structure, too, can be identified. The effusive type of rock, here 
called metabasalt, is gray and finely crystalline, outcropping in discon- 
tinuous patches, but confined between reasonably close east and west 
margins. A few outcrops of metagabbro seem to be the intrusive equiva- 
lents of the metabasalt. In one or two places within the area of the 
Bolton igneous series are exposures of metaperidotite, which has been 
prospected for asbestos. There is, however, still some doubt as to the 
relationship of this rock to the metabasalt and metagabbro; it may be 
genetically quite distinct. East of Lake Memphremagog the same rock 
types reappear, the crystalline and serpentine types both being present, 
but the former is always far more metamorphosed than it is west of the 
lake. The Bolton series is known to be younger then the Magog slates, 
because in one or two places the igneous rock occurs as dikes cutting the 
slates. The metaperidotite intrudes the Sutton schists, where it is asso- 
ciated with deposits of magnesite and talc. 


Silurian series—Let down into the complex of Magog slates and 
Bolton igneous series are two large narrow synclines of Silurian, and 
possibly Devonian, beds. Extensive collections of fossils from these 
strata were made in the field, but laboratory examination of them has 
not yet been started. Field identification of fossils indicates a Silurian 
age for these beds. Devonian fossils have been previously reported by 


*See notes by Raymond in Geology of the Orford map-area, Quebec, southern part 
of “serpentine belt,” Bolton township, Canadian Geol. Survey, Sum. Rp. 1911 (1912) 


p. 289. 
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Ells, and also, with some reservation, by Kindle,® although none has been 
identified during the course of the present work. These Silurian strata 
rest with a basal conglomerate upon both the Magog slates and rocks of 
the Bolton series. In one place a coarse breccia with blocks of meta- 
basalt, quartzite, and other rocks, intervenes between the older rock and 
the quartz conglomerate, resembling a talus accumulation. The Silurian 
strata have not yet been studied in sufficient detail to warrant their 
subdivision into formations. They include the limestones described by 
Ells, from Georgeville and Knowlton Landing. 

The Silurian series begins with a basal conglomerate varying in thick- 
ness up to forty feet. The pebbles are all small, rarely more than two 
inches in diameter, most of them quartz, but some slate. Succeeding 
the conglomerate is a thick series of sandstones and shales about 1500 
feet thick, which is interbedded with a dark carbonaceous limestone with 
an abundance of corals, including Halysites, and is succeeded by a pure 
dove-colored limestone. Limestones on the slope of Owl Head Mountain 
and at Knowlton Landing on Lake Memphremagog have previously been 
considered Devonian, a determination that we have not yet been able to 
verify. 


Stanstead granite and other intrusives——Succeeding the formation of 
Silurian and (?)Devonian series, and presumably at the time of the 
Acadian orogeny, there occurred the intrusion of the Stanstead granite, 
which is so abundantly displayed in the southeastern part of the Mem- 
phremagog sheet. Elsewhere there are dikes of Monteregian affinities, 
and a few others of uncertain age. 


STRUCTURAL GEOLOGY 
FORELAND 

The orderly succession of stratigraphic units and effusives has been 
affected by faults, thrusts, and folds. All the thrusts west of the Oak 
Hill slice, and most of the folding, seem to have occurred at the time 
of the Taconic orogeny. Effusives of Late Ordovician or slightly younger 
age and Silurian sediments were folded during the Acadian orogeny, 
and the older rocks were refolded at that time. There is not sufficient 
evidence to date with certainty either the Brome thrust or the Bunker 
thrust. 

The structure of the foreland is simple. It consists of strata, for the 


5 Robert Harvie, Jr.: Geology of Orford map-area, and the southern part of the 
“serpentine belt,” Potton Township, Quebec, Canadian Geol. Survey, Sum. Rp. 1913 
(1914) pp. 214-215. 
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most part horizontal, that have suffered contortions only in the vicinity 
of the overthrust masses to the east. The width of the contorted zone 
may possibly give some hint as to the distance beyond their present 
limits to which the thrust slices were originally carried, although this 
could be considered only as a minimum distance. The movement of 
the thrust slices would affect only a certain thickness of beds below the 
thrust plane, and although the slices might have travelled a hundred 
miles, nevertheless, as soon as the inclination of the thrust plane had 
carried the thrust slices high enough, no crumpling would be produced 
at the level of the present land surface. At present, contorted slates 
can be seen on both sides of Peel Head Bay within four miles of the 
frontal thrust, and gently folded strata occur as far as eight miles west 
of Philipsburg, at Clarenceville. Hence, the observed width of the af- 
fected belt of the foreland is eight miles. These statements are corro- 
borated by the direction of the boundary line between the Iberville and 
the Stony Point formations, which begins at the north end of the Lacolle 
quadrangle as a strikewise boundary about fifteen miles from the Philips- 
burg thrust, and, approaching the thrust, becomes more and more sharply 
curved—a reflection of the increasing complexity of the folding of the 
foreland rocks from west to east. 

The Tracy Brook normal fault, with a downthrow on the east of 
probably not more than a few hundred feet, cannot be definitely asso- 
ciated with any orogenic period, although, as Schuchert has recently 
advocated, the normal faults hereabout may be merely reflections of the 
readjustments to orogeny. He suggests the Acadian “for these normal 
faults near the front; the writer is more in favor of the Taconic. 


THRUST PLANES AND FOLDING WITHIN SLICES 


Of the thrust slices, one, the Granby slice, just appears within the 
limits of this area, and will not be considered further. The others, the 
Philipsburg, the Rosenberg, and the Oak Hill slices, lie at present super- 
posed upon one another in reverse order to what might be considered the 
average age of their beds (Table I). For none of them is there any defi- 
nite data regarding the slope of the thrust, although the inclination of 
the Rosenberg thrust, if the areal boundary is correctly drawn, must be 
slight indeed. In both the Philipsburg and the Rosenberg slices the 
beds are definitely folded, the upper shale members of both slices being 
intensely contorted. 

Within the Oak Hill slice the folding is locally intense, especially in 
the eastern part. Overturning along the western margin is probably to 
be ascribed to drag along the thrust plane. It is practically impossible 
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to decipher the structure of the Gilman quartzite, for over its six to 
eight miles of width of outcrop occur scarcely a dozen exposures that 
show original stratification. The lower four formations, however, are 
involved in intense folding, the folds being overturned somewhat toward 
the west. Little metamorphism characterizes these beds, however, in 
spite of the closed nature of many of the folds. 


UNDERTHRUST BETWEEN OAK HILL SLICE AND SUTTON 
MOUNTAINS MASSIF 


One of the most interesting features of the structure is the Brome 
thrust, which separates the Sutton schists from the Oak Hill terrane. 
The recognition of this fault is based on (a) the abrupt change from 
unmetamorphosed sediments on the west to low-grade metamorphics on 
the east, and (b) the otherwise unaccountable reduction of the Oak Hill 
series from 3000 feet to 300 feet. There is, moreover, an east-facing 
escarpment along the trace of the fault. The discordances (a) and (b) 
cannot be explained by either a normal fault or a thrust fault such as 
those farther east. The change in character, from unmetamorphosed to 
metamorphosed, and in thickness of the rocks of the Oak Hill series 
(Table II) demands a foreshortening by thrusting, but the cleavage 
on both sides of the fault is explained only in terms of an underthrust 
to the west, whereby the metamorphics of the Sutton Mountains have 
been thrust under the Oak Hill slice. Whether the dislocation thus 
brought about was responsible for the location of the long string of 
sulphide deposits that has been developed on both sides of the line is 
problematical. At least it is a good working hypothesis. 


BUNKER UNDERTHRUST 

Along the Bunker thrust a marked escarpment of several hundred 
feet faces east, with Middle Ordovician shales and limestones occupying 
the low ground to the east, and what Kerr has classified as Lower Cam- 
brian on the escarpment to the west. Underthrust rather than a normal 
fault is inferred because of the attitude of the cleavage on both sides of 
the fault. Several other features discussed by Kerr also contribute to 
this conclusion. 

SUTTON SCHISTS 

The Sutton Mountains, with their anticlinal form, modified by abun- 
dant drag folds, consist, as has been indicated, of Cambrian and prob- 
ably Ordovician beds. These were folded during the Taconic orogeny, 


II—Buutu. Grou. Soc. AM., Vou. 45, 1934 
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and, unlike their taxonomic equivalents farther west, were later meta- 
morphosed into sericitic and carbonaceous schists. 

The drag folds of this area are in accord with the general anticlinal 
nature of this series—that is, the movement was upward on both flanks, 
more steeply on the eastern flank where the dips are uniformly steeper. 
In the central part of the range, deep gorges show practically horizontal 
beds of metasediments. The chief problem here is that connected with 
the recrystallization of these beds and the lack of metamorphism of that 
type shown by taxonomic rocks to the east and the west. 


RELATION OF BOLTON IGNEOUS SERIES TO UNDERLYING ROCKS 


East of the Sutton Mountains the basement rock consists of contorted 
slates and brecciated quartzites called the Mansonville and the Magog 
series, which, although they have suffered two orogenies, have not been 
metamorphosed to schists. Upon this basement the Bolton extrusives 
rest, and the Bolton intrusives penetrate it. The peculiar structure of 
the Bolton extrusives is best deferred to the section on historical geology. 
In brief, these extrusives are considered to lie upon the basement of 
slates, now tilted at considerable angles, and their peculiar stocklike form 
is a vagary of subsequent selective erosion. 


FOLDING OF THE SILURIAN AND (?)DEVONIAN SERIES 

The Silurian (and possibly Devonian) strata lie in a series of closed 
synclines with practically no overturning. Rarely is there any essential 
deviation from the vertical in the cleavage of these beds. Sericitization 
is common in the basal conglomerate but uncommon elsewhere. Farther 
east, nearer the Stanstead granite, the same limestones have been meta- 
morphosed into marbles, but the folding itself, although strong, was not 
intense. 

INTRUSIONS 

Intrusions are represented by the Stanstead granite, generally con- 
sidered to be of Devonian age, and the Brome Mountain alkaline rocks 
(including syenite and olivine gabbro) of uncertain age, generally re- 
ferred to as Devonian but actually limited only by the Lower Devonian 
and the Pleistocene. In addition, minor intrusions of metagabbro and 
metaperidotite occur throughout the east flank of the Sutton Mountains 
and at one or two places between the mountains and Lake Memphre- 
magog, and more rarely east of the lake. Except for the cluster of 
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dikes surrounding the Stanstead granite, and the thirty or more noted 
by Marsters * around the shores of Lake Memphremagog, scarcely a score 
have been found in these three quadrangles. 


HISTORICAL GEOLOGY 
PRE-CAMBRIAN TERRANE . 


From a synthesis of all the data, the following historical sequence can 
be deduced. The original land mass must have consisted of at least two 
important constituents, 2 magnetite-bearing rock and a granitic rock. The 
present chlorite schist, locally rich in magnetite, is a perfectly competent 
source for the magnetite of the lowest sedimentary beds. No other recog- 
nizably older rock than the Oak Hill series is known within the area. 


CAMBRIAN AND ORDOVICIAN SUBMERGENCE 


Subsidence of the pre-Cambrian surface began early in Lower Cam- 
brian time, the sediments accumulating in a trough that occupied roughly 
the site of the original position of the present Oak Hill slice, a con- 
siderable but unknown distance to the east of its present position. This 
discontinuous subsidence resulted in recurrent cycles of sedimentation ; 
the Call Mill slate, the Pinnacle graywacke, and the White Brook dolo- 
mite completing the first cycle; the West Sutton slate, the Gilman quart- 
zite, and the Dunham dolomite forming the second cycle; and the Oak 
Hill slate and the Scottsmore sandstone beginning an incompleted third 
cycle. The youngest bed of the Oak Hill series, except for the Vail 
slate, is the Sweetsburg slate, probably several hundred feet thick, which 
doubtless represents sediments from the rising borderland in a slowly 
and continuously sinking geosyncline. 

Meanwhile, the borderland shore was being driven farther east by the 
encroaching sea, which was also widening westward. At some time dur- 
ing the Lower Cambrian the sea had spread so far over the lowland to 
the west that sediments from the borderland could not mask the inevit- 
able calcareous deposits, and thick limestones, later dolomitized, were 
formed. These are the dolomites of the Mallett formation in the Rosen- 
berg slice. 

Emergence during most of the Middle Cambrian is indicated by the 
lack of beds of that age anywhere in this area, although they are known 
in Vermont just south of the border. Resubmergence in Upper Cam- 
brian time to essentially the same extent as before resulted in the de- 


¢v. F. Marsters: Camptonites and other intrusives of Lake Memphremagog [Canada]. 
Am. Geologist, vol. 16 (1895) pp. 25-89. 
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position of the Milton dolomite and the Highgate limestone, which may 
even have been deposited in the same sea as the Upper Cambrian (Lower 
Ozarkian) Rock River dolomite of the Philipsburg slice, although of this 
there is no evidence. Meanwhile, the western margin of the advancing 
sea was reworking the residual regolith to form the Potsdam basal sand- 
stone. The trough was widening and deepening, so that with the in- 
crease of sediments from the still slowly rising borderland, mudstones 
accumulated to an ever increasing thickness, blotting out all other types 
of sediments. East of the Sutton Mountains, in the Mansonville series, 
is a considerable amount of quartzite of Upper(?) Cambrian age, but 
from that time on, all the pre-Silurian sediments in those parts are 
shales. Farther west the stratigraphic succession indicates that in the 
foreland, the Philipsburg slice, and the Rosenberg slice, limestone for- 
mation progressed to different times but gave way ultimately to shale 
formation, the base of the shale rising in the time scale toward the west. 
This does not mean that the locus of mud formation migrated westward, 
but that the spread of the mud became wider and wider; finally, by the 
end of Middle Ordovician time, it covered the entire area. 

Evidence outside the limits of these quadrangles indicates that after 
the post-Trenton withdrawal of the sea a re-advance took place, during 
which the shales, sandstones, and limestones of the Richmond and the 
Lorraine epochs were deposited in the foreland farther north. Within 
the folded rocks no Upper Ordovician strata are known. 


TACONIC OROGENY AND BOLTON EXTRUSIVES 


Following the deposition of the Ordovician shales, mountain building 
occurred toward or at the close of that period. At that time the thrusting 
of the four western slices took place, and all the pre-Silurian sedimentary 
rocks were folded. The results of this, the Taconic, orogeny occur over 
a stretch of country at least sixty miles wide in southern Quebec. Be- 
cause of peculiar local conditions of thermal or dynamic metamorphism, 
one belt of folded sediments was transformed into the Sutton schists, 
which later suffered a recrystallization of part of their material to form 
albite. That this albitization succeeded the folding of the sediments 
forming the schists is proved by the lack of straining in the individual 
albite crystals. Because the metamorphism is sharply delimited by the 
Brome thrust, there seems to be little doubt that this thrust postdates 
the metamorphism and therefore the Taconic orogeny, unless, indeed, it 
were a final expression of the compression therein concerned. Before 
peneplanation occurred, tremendous outpourings of basic lava (Bolton 
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series) were experienced at the close of the Ordovician, or, as is more 
likely, at the beginning of the Silurian. These lavas probably filled all 
the valleys and converted the region into a lava plateau. 


SILURIAN SUBMERGENCE 


Erosion began to carve into this lava plateau, locally exposing the 
slate basement, but while there was yet considerable relief, it was de- 
pressed beneath the Middle(?) Silurian sea. Talus or scree material, 
accumulated around residual hills and derived from the extrusives, 
slates, and quartzites, was either destroyed by the advancing waves or 
covered by marine sediments; in the latter event it became a nonmarine 
basal breccia, grading upward into its cover of true marine beds. As the 
attack by the waves upon the shore line continued, a typical quartz- 
pebble basal conglomerate was spread far and wide over the lower parts 
of the region inundated by the sea. The presence within this conglom- 
erate of abundant slate fragments argues for short transportation and 
a minimum of wave work. The slates and interbeds of quartzite con- 
tain a considerable amount of vein quartz, which was doubtless the source 
of the quartz pebbles. The conglomerate was succeeded by at least 1500 
feet of sandstones and sandy shales, and finally, when few of the residual 
hills remained to provide detritus, limestones began to form, the processes 
continuing possibly into the succeeding period. 


ACADIAN OROGENY AND INTRUSION OF STANSTEAD GRANITE 


In agreement with Schuchert’s thesis,’ the writer concludes that there 
followed a second period of disturbance, the Acadian orogeny, which re- 
sulted in the close folding of the Silurian and the (?) Devonian beds. 
Slight additional folding and metamorphism were imposed upon the 
Cambrian and Ordovician slates and schists at this time. The folding 
also affected the pre-Silurian land surface, which was underlain by the 
Magog complex of slates and extrusives, tilting the lavas up at a high 
angle. 

During or immediately succeeding the Acadian orogeny came, it is 
generally believed, the intrusion of the Stanstead granite, well shown in 
the southeastern part of the Memphremagog sheet. The metamorphism 
of the Bolton extrusives was probably a secular change that proceeded 
from Silurian time. The intrusion of the rock of Brome Mountain, 
of Devonian time or later, completed the known pre-glacial rock-form- 
ing history of southern Quebec. 


7Charles Schuchert: Orogenic times of the northern Appalachians, Bull. Geol. Soc. 
Am., vol. 41 (1930) pp. 701-724. 
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INTRODUCTION 


The writers presented orally at the Toronto meeting of the Geological 
Society and by printed abstract+ some observations and opinions con- 
cerning the stratigraphy of the upper Mississippi Valley. It was hoped 
that the tentative conclusions of 1930 would by 1933 have changed into 
something like mature judgments, and that by this time a comprehensive 
and less tentative paper on this subject could be presented. Although 
considerable additional field, laboratory, and library work during the 
intervening years has served to confirm some of the judgments and 
to change others, the study is at this writing still in an early stage. The 
effort made in the present paper is to assemble the several classifications 
that have been given and used before, to review the literature, to state 
the several unsolved problems, to present what evidence is now in hand 
bearing on their solutions, to offer a tentative new classification, and to 


* Manuscript received by the Secretary of the Society, April 8, 1933. 
1A. C, Trowbridge and G. I. Atwater: Stratigraphy and structure of the upper Missis- 
sippt Valley (abstract), Bull. Geol. Soc. Am., vol. 42 (1931) pp. 219-220. 
(21) 
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suggest lines of work by which the problems might ultimately be solved. 
If the paper serves to renew interest in upper Mississippi Valley stratig- 
raphy and to make more definite our own future work and that of 
others, we will be content, whether or not contemporary and future in- 
vestigations confirm the opinions that are now tentatively held. 

The problems to be outlined are especially difficult of solution because 
the several rock formations are lithologically similar, not only in the field, 
but on megascopic and microscopic examination in the laboratory as well ; 
because the fossils are for the most part scarce and poorly preserved ; be- 
cause only a small number of the fossils have beeen named, described, 
and figured; and because formational names have been used in different 
senses by different writers. 

In the preparation of this paper we have consulted all published articles 
that bear on these problems. In addition, all type sections have been 
studied in the field, as well as practically all the other sections described 
in the literature, and scores of other unpublished sections. Free use has 
been made of several unpublished theses prepared at the University of 
Iowa. Practically everyone engaged in stratigraphic work in the upper 
Mississippi Valley in recent years has been consulted. A large amount 
of petrographic work bearing on the problems involved is now in progress, 
but the results are not ready for publication. 

Problems connected with strata of St. Peter age and younger formations 
are not included in this paper. 


PROBLEMS 
GENERAL STATEMENT 


The most recently published stratigraphic section for Minnesota, which 
departs very little from the original Minnesota classification, is given in 
Table I. In general, this is the standard column from which other 
recent classifications have developed. The names, Hinckley, Dresbach, 
Franconia, Saint Lawrence, Jordan, Shakopee, and Saint Peter, all 
come from Minnesota, were presented by the early stratigraphers, and are 
still in use in one sense or another. 

Ulrich’s classification for Wisconsin is given in Table II (p. 24), and 
the most recent classification of the Wisconsin Geology and Natural His- 
tory Survey, in Table III (p. 25). Ulrich’s classification differs in a 
number of important particulars from all earlier classifications. The 
latest generalized section for Wisconsin, although it uses some of Ulrich’s 
recent Wisconsin names for the older Minnesota names, is not quite so 
different from the older section as is that of Ulrich. 
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GENERAL STATEMENT 


Taste I.—Stratigraphic Section in Minnesota 2 
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THICK- 
Sysrzm Series Group ForMAT‘ONn LrrHoLocy 
Maquoketa Shale, limestone 100-150 
Galena Limestone, dolomite 150 
Decorah Shale, limestone 50- 75 
Ordovician Platteville Limestone, shale 30 
St. Peter Sandstone 100-200 
Prairiedu | Shako Dolomite, 
Chien (New Richmond) sandstone 0-115 
(Lower 
Magnesian) | Oneota Dolomite 200 
Jordan Sandstone 60-200 
St. Lawrence Dolomite, shal 
sandstone ” 130 
Cambrian St. Croixan 
Franconia Glauconitic 100 
sandstone 
Dresbach Sandstone, shale 450 
Unconformity? 
Cambrian Hinckley Sandstone 
or Upper Clastic 2250 
Keweenawan Unnamed Red shale, sandstone 
Keween- Peer? Unnamed Lava flows, intrusive 
awan basic and granitic 
roc! 
Algonkian 
Animikian Sioux Quartzite 
Slate, granite, 
sedimentary rocks, 
iron formations 
Laurentian Granite 
Soudan Iron-bearing 
Archean formation 
Keewatin Greenstone 
Ely 


2Taken from Geologic Map of the State of Minnesota, by Grout, Stauffer, Allison, 


Gruner, Schwartz, Thiel, and Emmons, Minnesota Geol. Survey, 1932. 
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TROWBRIDGE AND ATWATER—STRATIGRAPHIC PROBLEMS 


II,.—Ulrich’s Lower Paleozoic and Pre-Cambrian Classification 


for Wisconsin 8 
System Serims Grove |Formation| MEMBER LrrHoLocy 
Medina Maquoketa Shale, limestone 100 
Dubuque Dolomite 30 
Cincinnatian Absent 
Chazyan Absent 
Ordovician Galena Dolomite 100-250 
Mohawkian | Black Decorah Shale 30 
River Platteville Dolomite 75-120 
Big Buffalo St. Peter Sandstone 0-332 
Unconformity 
Shakopee Dolomite 0-100 
Middle 
Canadian Ganadion Absent 
Lower 
Canadian Absent 
Oneota Dolomite 0-200 
Middle I 
Ozarkian Ozarkian Al t 
Madison Sandstone 40 
Mendota Dolomite 20 
Zar 
— Sandstone 100 
Jordan Sandstone 0-75 
Norwalk Sandstone 0-50 
Trem- Lodi Shale 0-50 
pealeau St. Lawrence | Dolomite 0-25 
Unnamed Shale 0-20 
Mazo- Dolomite, 
Cambrian | St. Croixan ren 0-165 
Limestone, 
Franconia sandstone, 0-170 
shale 
Dresbach Sandstone 40-250 
Eau Claire Shale 200-350 
Mt. Simon Sandstone 100-700 
Bayfield Sandst 4000-5000 
Sandstone, 
Oronto shale, 20,000 
Keweenawan conglomerate 
Basalt, diabase, 17,000 
Algonkian U ed conglomerate ,000 
Conglomerate, 
Unnamed quartsite 250 
Unnamed iron beds, 
Huronian quartzite, etc 13,000 
Bad River Dolomite 250 
Granite, 
Laurentian syenite, gabbro, 
Archean gneiss, etc. 
Schist, 
Keewatin greenstone, ete 


2E. O. Ulrich: Notes on new names in table of formations and on physical evidence 
of breaks between Paleozoic systems in Wisconsin, Wisconsin Acad. Sci. Trans., vol. 21 


(1924) pp. 82-83. 
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The most recently published section for Iowa is shown in Table IV. 
Study of Tables I to IV surely indicates that there are unsolved and even 
largely unstated stratigraphic problems in the upper Mississippi Valley. 
All these sections have appeared within eight years, and yet between each 
two, there are differences, some involving only the principles of nomen- 
clature, others indicating fundamental differences in classification, corre- 
lation, and interpretation. In Iowa the Red Clastic series is dated as 


Tase III.—Generalized Stratigraphic Section for Wisconsin (1932) 4 


System ForMATION THICKNESS, FEET 
Richmond Dolomite, shale 150-540 
Galena Dolomite 125-150 
Decorah Shale 15-20 
Ordovician Platteville Black 
iver Limestone, dolomite 40-100 
St. Peter Sandstone 0-330 
Shakopee Tower Dolomite 0-50 
Oneota Magnesian | Dolomite 0-200 
Madison Sandstone . 
Trempealeau Sandstone, dolomite 50-160 
Mazomanie Sandstone, greensand, 
Franconia limestone, shale 100-170 
Cambrian 
Dresbach Sandstone 100-170 
Eau Claire 
Sandstone, shale 250-350 
Keweenawan Lava flows, con- 40,000-55.000 
glomerate, sandstone 
Pre- Quartzite, slate, 
Cambrian | Huronian marble, etc. 8000-12, 500 
Granite, greenstone, 
Archean schists 


of Upper Cambrian age, whereas in Minnesota it is listed as either 
Middle Cambrian or late pre-Cambrian. In Wisconsin the Saint Law- 
rence is a member of the Trempealeau, and in Iowa the Trempealeau is 
a member of the Saint Lawrence. Ulrich places a system break between 
the Oneota and the Shakopee, whereas other classifiers consider them as 
formations of the same group or as members of the same formation. 
Ulrich regards the Mendota and the Madison as so much younger than the 
Saint Lawrence dolomite and the Jordan sandstone that they belong to a 
younger system, but the latest Wisconsin section substitutes Madison 


«Lawrence Martin: Physical geography of Wisconsin, 2nd ed., Wisconsin Geol. and 
Nat. Hist. Survey, vol. 36 (1932) p. 4. 
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for Jordan. What the Wisconsin geologists call Eau Claire is known as 
Dresbach in Minnesota. What is Norwalk in Wisconsin is Jordan in 
Minnesota. Clearly order should be brought out of this chaos if possible. 


RED CLASTIC-KEWEENAWAN PROBLEM 
The term, Red Clastic series, is applied to the great thickness of red 
sediments occupying the pre-Cambrian trough which constitutes the 
southwestward extension of the Lake Superior syncline. They lie below 


TasLe IV.—Lower Paleozoic and Pre-Cambrian Section for lowas 


System Series ForMATION LirHoLoGy 
Cincinnatian | Maquoketa Shale, dolomiie 
Galena Dolomite 
Mohawkian Decorah Shale, limestone 
Platteville Limestone, shale 
Ordovician 
Glenwood Shale 
St. Peter Sandstone 
Canadian 
Shakopee Dolomite 
Prairie du Chien New Richmond | Sandstone 
Oneota Dolomite 
Jordan Sandstone 
et Trempealeau Dolomite, marlstone 
; Franconia Shale, glauconite, marlstone 
Dresbach Sandstone 
Cambrian Croixan 
Eau Claire Shale, sandstone 
Mt. Simon Sandstone, shale 
Red Clastic Beds Sandstone, shale, 
(Unnamed) conglomerate 
Algonkian | Huronian Sioux Quartzite 
Laurentian Granite, schist 


the Saint Croixan and above the crystalline pre-Cambrian basement. The 
rocks occur in eastern and southeastern Minnesota, in northwestern Wis- 
consin, and extend southward into Iowa. They are best known through 
well logs. The Red Clastics themselves are not known to be exposed 
anywhere, but beds that are probably of equivalent age appear at the 
surface in Carleton County, along the Saint Louis River at Fond du Lac, 
and south of Lake Superior in Pine and Kanabec counties, Minnesota. 
The connection between the Red Clastic series of the deep wells at Still- 
water, Minneapolis, Rochester, and elsewhere in Minnesota, and the out- 


5’ W. H. Horton: Deep wells of Iowa, lowa Geol. Survey, vol. 83 (1928) p. 24. 
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crops farther northeast is known * from well records spaced closely enough 
to permit confident correlation between the Red Clastic beds and the 
known Keweenawan rocks on the south shore of Lake Superior. 

Previous writers who favor the Cambrian age of either the whole of 
the Keweenawan or of the Red Clastics are mentioned first. Winchell * 
in 1882 described the outcrops along the Saint Louis River, placed them 
correctly below the Saint Croixan beds, and grouped them with the 
Keweenawan copper-bearing rocks in the Potsdam. In 1884, Winchell 
and Upham,® in recording a deep well at Mankato, Minnesota, marked 
the upper limit of these beds at an horizon recognizable as the base of the 
Mount Simon of recent classifications. More than 1300 feet of red sand- 
stones and shales (Red Clastics) were correlated with the outcrops along 
the Saint Louis River and the horizontal red sandstones on the south 
shore of Lake Superior. They assigned an early Potsdam age to the 
Cupriferous series (early Keweenawan) and the Sioux quartzite, and 
gave to the Red Clastic beds a late Potsdam age. Hall ® repeated this 
classification of the Red Clastic beds in 1891, as did Meeds?® in the 
same year. Twice in 1895, Winchell? published additional arguments 
for the Cambrian age of the Red Clastics and the Keweenawan eruptives. 
Hall ?* in 1908 stated that the red sandstones and shales beneath the 
exposed Paleozoic rocks of southern Minnesota are conformable beneath 
the latter sediments. He believed them to represent the transition from 
Algonkian to Paleozoic. Lane ** in 1911 considered the Keweenawan 
series of Michigan to be of Cambrian age. The following year he re- 
ported ** the finding of Cambrian fossils by Walcott in what were sup- 
posedly pre-Keweenawan rocks north of Lake Superior, and quoted Daly 
as believing that in the marine Cambrian, not far from the Keweenawan 


®C, W. Hall: Keweenawan area of eastern Minnesota, Bull. Geol. Soc. Am., vol. 12 
(1901) pp. 320-321. 

™N. H. Winchell: Potsdam sandstone, Minnesota Geol. and Nat. Hist. Survey, 10th 
Ann. Rept. (1882) pp. 30-34 ; 135-136. 

8N. H. Winchell and Warren Upham: Geology of Minnesota, Minnesota Geol. and 
Nat. Hist. Survey, Final Rept., vol. 1 (1884) pp. 422-424. 

°C. W. Hall: Artesian well borings in southeastern Minnesota, Bull. Minnesota Acad. 
Nat. Sci., vol. 3 (1891) pp. 135-136. 

1A, D. Meeds: The Stillwater deep well, Bull, Minnesota Acad. Nat. Sci., vol. 3 
(1891) p. 274. 

11N. H. Winchell: Keweenawan according to Wisconsin geologists, Am. Geologist, 
vol. 16 (1895) pp. 75-86; A rational view of the Keweenawan, Am. Geologist, vol. 16 
(1895) pp. 150-162. 

122C, W. Hall: Red sandstones series of southeastern Minnesota (abstract), Science, 
vol. 27 (1908) p. 722. 

1A, C. Lane: Keweenawan series of Michigan, Michigan Geol. Survey, Publ. 6, 
Geol. ser. no. 4 (1911) p. 41. 

4 A.C. Lane: The age of the Keweenawan series (abstract), Michigan Acad. Sci., Rept. 
14 (1912) pp. 107-108. 
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area, there was contemporaneous volcanic activity. Stauffer *® published 
a Middle Cambrian faunal list from the upper beds of the Red Clastic 
series, and referred the whole of the series to the Middle Cambrian. The 
recent geologic map of the State of Minnesota, published in 1932, follows 
Stauffer in placing the Red Clastics tentatively in the Paleozoic (Table I). 

The United States Geological Survey, through its workers in the Lake 
Superior district, has consistently assigned a pre-Cambrian age to the 
Keweenawan. In 1883, Chamberlin ** gave the age of the Keweenawan 
rocks of the Lake Superior region as much older than the Potsdam, but 
based his opinion on the evidence at such places as Saint Croix Falls, 
where the Saint Croixan (erroneously considered as equivalent in age to 
the eastern sandstone of the Lake Superior basin) lies unconformably 
upon the Keweenawan traps. In the same year, Irving ** disagreed with 
Winchell in his assignment of the Keweenawan to the Potsdam, and ad- 
vanced excellent arguments for its pre-Cambrian age. He likewise ques- 
tioned the evidence by which Wadsworth ** in 1879 traced the unmeta- 
morphosed eastern sandstone of Lake Superior by continuous exposure 
into the Keweenawan sands and lavas. In 1911, Hall, Meinzer, and 
Fuller *® described the sandstone, conglomerate, and shale within the 
buried syncline in Minnesota as predominantly red in color, named them 
the Red Clastic series, and correlated them questionably with the Keween- 
awan, which they assigned to the Algonkian. Van Hise and Leith *° in 
the same year summarized all the work done on the Keweenawan of the 
Lake Superior district, and gave its age as pre-Cambrian. However, in 
an excellent discussion of the age relationship of the Keweenawan with 
the overlying Upper Cambrian series, they stated that in their opinion: 


“The main portion of the Keweenawan was put down in pre-Cambrian time. 
During and subsequent to its deposition folding developed the Lake Superior 
basin. In late Keweenawan time erosion of the lower beds near the rim 
of the basin and deposition of the upper beds within the basin were going on 
simultaneously. The deposition within the basin continued nearly or quite 
to the time that the Paleozoic sea, encroaching from the south, reached the 
basin. The Paleozoic sea then deposited its beds with marked structural 


C, R. Stauffer: Age of the Red Olastic series of Minnesota, Bull. Geol. Soc. Am., 
vol. 38 (1927) pp. 469-477. 

16'T, C. Chamberlin: Geology of Wisconsin, vol. 1 (1883) pp. 122-124. 

7R, D. Irving: Copper-bearing rocks of Lake Superior, U. 8. Geol. Survey Mon. 5 
(1883) pp. 442-446. 

18M. E. Wadsworth: Notes on geology of iron and copper of Lake Superior, Bull. 
Mus. Comp. Zool. Harvard Coll., Geol. ser., vol. 1 (1880) pp. 114-115; Keweenawan 
system, Science, vol. 10 (1887) p. 166. 

2#C, W. Hall, O. E. Meinzer, and M. L. Fuller: Geology and underground watere of 
southern Minnesota, U. 8. Geol. Survey Water Supply Pap. 256 (1911) pp. 48, 207, 876. 

™C. R. Van Hise and C. K. Leith: Geology of the Lake Superior region, U. 8. Geol. 
Survey Mon. 52 (1911) pp. 378-379, 415, 616. 
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discordance upon the lower-middle Keweenawan, and with substantial accord- 
ance upon upper Keweenawan beds in parts of the Lake Superior basin in 
which deposition was continuous up to the time of the arrival of this sea.” 


In 1912, Thwaites 1 described the Red Clastic beds as the continuation 
into the Lake Superior syncline of the Bayfield group, which he placed 
in the upper Keweenawan. These beds had previously been called Lake 
Superior sandstone and included in the Cambrian by Van Hise and 
Leith.2? Thwaites followed the United States Geological Survey practice 
of considering the Keweenawan to be more closely allied with the Al- 
gonkian than with the Cambrian. Like Van Hise and Leith, however, 
he recognized that the upper Keweenawan might have been deposited 
contemporaneously with the lower parts of the marine Cambrian. 

The Red Clastic sediments that occur below the Saint Croixan series in 
the pre-Cambrian syncline of southeastern Minnesota and are exposed at 
Hinckley and at Fond du Lac, Minnesota, we believe represent at least 
a part of the upper Keweenawan Bayfield group of Wisconsin. They 
probably represent the closing stages of continental deposition of the 
Keweenawan in Minnesota and Iowa. 

The controversy over the age of the Keweenawan has been, in reality, 
between the stratigraphers working on the pre-Cambrian and those work- 
ing on the Paleozoic. The viewpoint of the individual is determined 
by the direction of approach, either from the Paleozoic side by way of 
the Saint Croixan series, or from the pre-Cambrian through the 
great copper-bearing lavas and traps of the lower Keweenawan. The 
workers on the pre-Cambrian, of necessity basing their correlations 
and classifications upon types of deposits, recognize that the Keweenawan 
constitutes a distinct pre-Cambrian type of continental deposit, with 
interruptions in sedimentation in the earlier stages, during which 
voleanic activity was common. Because of the gradation between the 
Bayfield group and the underlying Keweenawan, and its conformability 
to the type that characterizes the Keweenawan, they are justified in 
including it, and therefore the Red Clastics, in the pre-Cambrian. The 
stratigraphers working on the Paleozoic, finding no major interruption 
between the base of the Upper Cambrian and the top of the underlying 
beds, are equally justified in calling the Red Clastics, and its equivalents, 
Cambrian, especially since the specialists on the pre-Cambrian admit that 
it was probably deposited during Lower or Middle Cambrian times. 


2, T. Thwaites: Sandstones of the Wisconsin coast of Lake Superior, Wisconsin 
Geol. and Nat. Hist. Survey, Bull. 25 (1912) pp. 102-109. 
22C. R. Van Hise and C. K. Leith: op. cit., p. 388. 
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The true dividing line between the beds that were deposited before 
the marine Lower Cambrian was laid down and that part of the Kewee- 
nawan that is contemporaneous with Lower and Middle Cambrian marine 
sediments may be at the base of the Red Clastics, the Bayfield of 
Wisconsin, the Oronto, or at some other horizon not now recognized. 
Although classification must for the present be arbitrary, it is important 
to recognize that the Red Clastic sediments are probably the equivalent 
of the Lower-Middle Cambrian marine deposits, and that there is no 
great structural or time break between the pre-Cambrian and the. 
Cambrian. 

Stauffer,?* in the log of the well at Waconia, in Carver County, Minne- 
nesota, from which he obtained the fossils assigned by him to the Middle 
Cambrian, placed the horizon from which they came as below the 
Hinckley, and therefore definitely in the Red Clastics. He records the 


following descending section : 


Feet 
Franconia sandstone: 
Sandstone, fine-grained, with greensand partings ......... 
Dresbach formation : 
73 


Hinckley sandstone: 
Sandstone, coarse, pink to gray, well-rounded quartz grains ......... 20 


Red Clastic series: 
Shale, argillaceous, red, near the bottom containing the fauna assigned 


Shale, red with grains of quartz ............... 101 
Shale, red, with a few rounded grains of quartz ...........eeeeeeeee 4 


The Hinckley is extremely thin, and the Eau Claire shale is entirely 
missing from the section. Hall, Meinzer, and Fuller ** report a normal 
thickness of the Upper Cambrian in Carver County, and at Chaska, not 
far from Waconia, a drill hole penetrated the Dresbach and underlying 
shale for 215 feet, when drilling was stopped. This would include all 
but the lower 35 feet of Stauffer’s Red Clastics of the Waconia section. 
Reference to the sections ** across this region shows a normally thick 
Red Clastic series to the west in McLeod County. The locality at 


2C. R. Stauffer: Age of the Red Clastic series of Minnesota, Bull. Geol. Soc, Am., 


vol. 38 (1927) pp. 473-474. 
%C. W. Hall, O. E. Meinzer, and M. L. Fuller: op. cit., p. 150. 


2% Op. cit., pl. V. 
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Waconia is at least 30 miles from the western border of the pre-Cambrian 
syncline occupied by the Red Clastics. There is no reason to believe 
that the Eau Claire shales or the sandstone below, known as Mount 
Simon in Wisconsin, are missing or abnormally thin in this area. If 
they were, the Dresbach sandstone and younger beds would overlap these 
basal beds of the Saint Croixan for a distance of about forty miles from 
the margin of the Red Clastic syncline. Along the eastern border of 
this trough, where exposures and well records are abundant, this is not 
the case, for the basal Mount Simon beds are present in normal thick- 
ness on the Wisconsin pre-Cambrian platform. Overlapping of progres- 
sively younger Saint Croixan beds is known at such places as Saint Croix 
and Taylors Falls, and around the Baraboo pre-Cambrian island, but the 
distance involved is not more than a few miles, and these localities were 
at, or very near, the shore line. The presence of normal lower Saint 
Croixan beds on the pre-Cambrian platform along the western border of 
the trough is known in such places as at Lake Crystal,?* in Blue Earth 
County, Minnesota. The presence of a normal section of Eau Claire shales 
and the underlying shaly sandstones ten to twelve miles from Waconia, 
at Chaska, and to the west much nearer the western margin of the trough, 
suggests that the beds at Waconia that Stauffer classified as Red Clastics, 
and from which he obtained his fauna, are Eau Claire in age. Stauffer 
was apparently influenced by the red color of the beds beneath the 
Dresbach, but redness is not confined to the Red Clastics, and Thwaites 27 
reports that red shale and sandstone are common in what is definitely 
known as Upper Cambrian. The fossils collected were fragmentary and 
scarce and may well represent a facies of the Eau Claire fauna not hitherto 
reported, belonging in the Saint Croixan. 


HINCKLEY-MOUNT SIMON PROBLEM 


The term, Hinckley, as defined by Stauffer ?* in 1927 and as now used 
by the Minnesota Survey (Table I), is applied to the thick red and 
brown sandstone that forms the upper part of the Red Clastic series 
in the deep wells of southern Minnesota and lies below the Dresbach 
(Eau Claire of Wisconsin) formation that marks the base of the Saint 
Croixan series. It is also applied to the sandstones and shales exposed 
at Hinckley, Minnesota, along the Saint Louis River at Fond du Lac 
in Carleton County, and in Pine and Kanabec counties, Minnesota. The 


2% Op. cit., pp. 140-141. 
7 F, T. Thwaites: Buried pre-Cambrian of Wisconsin, Bull. Geol. Soc. Am., vol. 42 


(1931) pp. 740-741. 
*C. R. Stauffer: Age of the Red Clastic series in Minnesota, Bull. Geol. Soc. Am., 


vol. 38 (1927) pp. 469-477. 
III—Butu. Grout. Soc. Am., Vou. 45, 1934 
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term, Mount Simon, was introduced by Ulrich through Walcott 2° for 
the basal formation of the Saint Croixan series, described as coarse 
sandstone and grit resting on the pre-Cambrian surface. Except for 
worm borings it is not known to be fossiliferous. The type locality is 
at Mount Simon in the city of Eau Claire, Wisconsin. The problem 
before us is to determine if possible the age relationships between the 
Hinckley in the type locality, the Hinckley of Stauffer in southern Min- 
nesota, and the Mount Simon of Wisconsin. 

The rocks exposed in the area of Hinckley were first described by 
Shumard as reported by Owen * in 1852, along the Snake and Kettle 
rivers in Pine County, Minnesota. They were again described by 
Upham * in the same region in 1884 and referred to the base of the 
Saint Croix “formation,” above the Potsdam. Winchell *? described the 
“Hinckley rock” from a quarry at Hinckley but did not apply the name 
to a formation. He assigned the rock to the Potsdam formation “near 
the horizon of its passing into the Saint Croix.” 

In 1886 and again in 1888, Winchell ** gave the name, Hinckley, to 
the sandstone that underlies the shales now called Eau Claire by Wis- 
consin geologists. He placed the base of the Saint Croix at the base 
of the Dresbach sandstone and above the shale now called Eau Claire. 
In the report on Goodhue County in the same year in reference to the 
general section, he ** contradicted this classification by placing these 
lower sandstone beds (Hinckley) at the base of the Saint Croixan, but 
suggested that they perhaps do not belong with the series, since they 
were not then known to be exposed along the Mississippi or the Saint 
Croix rivers. He referred to their outcrops at Hinckley, Minnesota, and 
along the Kettle River, and correlated them with the Lake Superior 
sandstone, which he considered Potsdam in age. Winchell’s section of 
1888, in so far as it pertains to the Hinckley-Mount Simon problem, 


is as follows: 


2C. D. Walcott: Cambrian geology and paleontology, Smithsonian Misc. Coll., vol. 57 


(1914) p. 354. 

”D. D. Owen: Report of a geological survey of Wisconsin, Iowa, and Minnesota, 
Lippincott, Grambo & Co. (1852) pp. 523-528. 

%1 Warren Upham: Minnesota Geol. and Nat. Hist. Survey, 11th Ann. Rept. (1884) 


pp. 124-128. 
s%2N. H. Winchell: Geology of Minnesota, Minnesota Geol. and Nat. Hist. Survey, 


Final Rept., vol. 1 (1884) p. 176. 
22.N. H. Winchell: Minnesota Geol. and Nat. Hist. Survey, 14th Ann. Rept. (1886) 


p. 337; Geology of Minnesota, Minnesota Geol. and Nat. Hist. Survey, Final Rept., 


vol. 2 (1888) p. xxii. 
%N. H. Winchell: Minnesota Geol. and Nat. Hist. Survey, Final Rept., vol. 2 (1888) 


pp. 31-32. 
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Feet 
8. Micaceous sandstone, beds of shales (Dresbach)... 85 
4. Shale, bluish or greenish (Eau Claire)............ 75 
§. Siliceous sandrock 200-300 


Hall * in 1889, quoting from an’ unpublished manuscript of Upham’s, 
called the sandstone below the Eau Claire shales of today Lower Saint 
Croix, and recorded its occurrence in wells at Hastings and Brownsville, 
Minnesota, and elsewhere in the State. Upham is quoted by Hall as 
follows: “This is the sandstone of the Chippewa, Black, and Wisconsin 
rivers, 50-100 feet thick.” In his record of the well at Hastings he clas- 
sified the beds below this lower Saint Croix sandstone as Potsdam, 
correlated it with the sandstone on the south shore of Lake Superior, 
and stated that it “constitutes a floor upon which the lowest member 
of the Saint Croix was laid in nearly uniform thickness throughout 
southeastern Minnesota and over a large extent of Wisconsin and Iowa, 
and other western States.” Upham’s section at the Hastings well 


follows: 
Feet 
11. Sandstone containing pyrites. Dresbach sandstone; 
12, Chiefly blue shale (70 feet), some greensand (20 
feet), and dolomitic grit (5 feet). (Middle Saint 


13. Sandstone of varying coarseness with some shale to- 

ward the bottom. (Lower Saint Croix).......... 230 
14. Sandstone, red shales, to bottom of well. (Pots- 


No. 12 of this section is the Eau Claire shale of today; No. 13 is the 
Hinckley of Winchell’s Goodhue County report and probably the Mount 
Simon of today; and No. 14 seems to be the upper part of the Red 
Clastics. 

Hall, Meinzer, and Fuller ** also give a section for Olmstead County, 
as follows: 


Feet 


Red Clastic series 


*%C, W. Hall: Artesian well borings in southeastern Minnesota, Bull. Minnesota Acad. 


Nat. Sci., vol. 8 (1889) p. 134. 
* C, W. Hall, O. BE. Meinzer, and M. L. Fuller: op. cit., p. 292. 
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The 150-foot member would now be called Eau Claire, and the 200- 
foot member, Hinckley or Mount Simon. In the same publication, Hall, 
Meinzer, and Fuller ** described again the logs of the Hastings well first 
described by Upham, drawing the boundary between the Upper Cambrian 
and the Red Clastics (Potsdam of Hall and Winchell) at the same 
horizon, with the sandstone below the Eau Claire horizon marking the 
base of the Cambrian section. They did not use the term, Hinckley. 
In all the well logs published in their paper and in the record of geo- 
logic formations present in Houston, Fillmore, Winona, Wabasha, and 
other counties, they included in the Cambrian a sandstone lying below 
the Eau Claire horizon and just above the Red Clastic series. The 


Hastings well section of these authors is as follows: — 
Gray shale, sand, and limestone ...........eeescececeee 5 
Sandstone, iron pyrite, and limestone ...........-s..06 30 

Red Clastic series: 
Fine to coarse sandstone, traces of red shale ........... 40 
Sands and red shales to bottom of well .........c.cecesee eee 


Hall, Meinzer, and Fuller included the lowest 40 feet of Upham’s 
No. 13 in the Red Clastics, because these beds contained traces of red 
shale ; otherwise, the two sections are identical. The 160-foot and 30-foot 
members of the section above, and probably the 40-foot member, would 
be called Hinckley or Mount Simon today, and the 5-foot, 20-foot, 70- 
foot and 20-foot members, totaling 115 feet, would be called Eau Claire. 
Grout and Soper ** in 1919 correlated the Red Clastics, which they refer 
to as “known only from well records,” with the red standstone and shale 
“locally called Hinckley sandstone” that crops out from Fond du Lac 
at Lake Superior southwest to Mora, Minnesota. This is their only 
reference to the term, Hinckley. 

In 1914, Walcott ** published Ulrich’s classification for the upper 
Mississippi Valley, in which he named the Mount Simon formation, 
placed it at the base of the Saint Croixan, or Upper Cambrian, and gave 
the type section at Eau Claire. He defined it as a series of coarse sand- 
stones and grits, 235 feet or more in thickness, and placed it at the 


87 Op. cit., p. 167. 

*F. F. Grout and E. K. Soper: Clays and shales of Minnesota, U. S. Geol. Survey 
Bull. 678 (1919) p. 81. 

C. D. Walcott: op. cit., p. 354. 
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horizon corresponding with the basal sandstone of the Upper Cambrian 
of Minnesota reported from the wells of eastern and southeastern Minne- 
sota. Thwaites *° in 1923 accepted Ulrich’s definition of the term, Mount 
Simon, and showed that this sandstone is well developed in southern 
Wisconsin, and that it thickens to the south and west in Illinois and 
northeastern Iowa. Stauffer ** in 1925 re-introduced the term, Hinckley, 
for a sandstone at the top of the Red Clastics and below the “Eau Claire ? 
shale.” In 1927, he *? repeated this usage of the term, assigned a Middle | 
Cambrian age to the red shales below the Hinckley on the basis of a af 
contained fauna which he considered Middle Cambrian, and referred the 
whole of the Red Clastics to the Cambrian. Stauffer’s ** section of the f 


Rochester well follows: : | 


Dresbach formation: Feet 

Eau Claire (?) formation: 

Hinckley sandstone: 

Red Clastic series: 


Peterson ** in 1929 gave the lower limit of the Dresbach of Minnesota 
(which includes the Eau Claire of Wisconsin) as the lower limit of the ie 
blue shales that overlie the Hinckley sandstone. She considered that ; 
the Mount Simon of Wisconsin may be the equivalent of the Hinckley 
sandstone of Minnesota. The recent geological map of Minnesota follows 
Stauffer in his use of the term, Hinckley, for the sandstone below the 
Eau Claire of Wisconsin, and makes it the upper division of the Red 
Clastics. 

Thus it appears that there are two areas in Minnesota in which rocks 
occur that have been classified as Hinckley sandstone. The northeastern 
area, in which occur beds that have been correlated with the Bayfield 
group of the Upper Keweenawan, includes the exposures on the Saint 
Louis River at Fond du Lac and to the south around Hinckley, Minne- 
sota. Correlation of these beds with the upper part of the main body 


F, T. Thwaites: Paleozoic rocks found in deep wells in Wisconsin and northern 
Illinois, Jour. Geol., vol. 31 (1923) pp. 529-555. 

“C. R. Stauffer: The Jordan sandstone, Jour. Geol., vol. 33 (1925) p. 700. 

#@C, R. Stauffer: Age of the Red Clastic series of Minnesota, Bull. Geol. Soc. Am., 
vol. 88 (1927) pp. 469-477. 


# Op. cit., p. 472. 
“ Eunice Peterson: Dresbach formation of Minnesota, Bull. Buffalo Soc. Nat. Sci., 


vol. 14, no. 2 (1929) p. 41. 
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of the Red Clastic series to the south is accepted by all geologists who 
have worked in the region. In the eastern and southeastern area, where 
the lowest Upper Cambrian and Red Clastic beds are known only from 
well logs, the term, Hinckley, was applied to a sandstone that occurs 
below the Eau Claire shales. Are these two sandstones of the same age 
and both properly called Hinckley? 

Careful study of the literature reviewed above indicates that in southern 
Minnesota the “Lower Saint Croix sandstone” of Hall and Upham, and 
the sandstone that directly underlies the Eau Claire shale in Goodhue, 
Houston, Winona, and Fillmore counties, and in the Hastings well, as 
included in the Upper Cambrian by Hall and by Hall, Meinzer, and 
Fuller, are equivalent to the sandstone underlying the Eau Claire shale 
in Wisconsin ; that this sandstone is there called Mount Simon; and that 
it is really the lowest member of the Saint Croixan series. Comparison 
of Stauffer’s classification of the Rochester well with the section for 
Olmstead County by Hall, Meinzer, and Fuller shows that Stauffer used 
the name, Hinckley, for the sandstone below the Eau Claire which Hall, 
Meinzer, and Fuller had included in the Upper Cambrian. Well logs 
at and near La Crosse, Wisconsin, across the Mississippi River from the 
Minnesota counties described by Hall, Meinzer, and Fuller, show the 
eastward continuation into Wisconsin of these basal Upper Cambrian 
sands of Minnesota. Outcrops of the Mount Simon on Willow River in 
Wisconsin are only a few miles from Stillwater, Minnesota, where the 
Hinckley beds occupy the same stratigraphic position. A well log at 
Hudson, Wisconsin, shows a thickness of 247 feet of Mount Simon, and in 
the Stillwater well, five miles distant, a thickness of 238 fect is assigned 
to the Hinckley, which here lies between the Eau Claire and the Red 
Clastics. 

In the light of all this evidence, the Mount Simon of Wisconsin and the 
Hinckley of adjacent portions of Minnesota can be correlated with 
confidence. 

There appears to be evidence, however, that the Hinckley of north- 
eastern Minnesota, including that at Hinckley, is older than the beds 
Stauffer called Hinckley in southern Minnesota, which we believe to be 
of the same age as the Mount Simon of Wisconsin. The Mount Simon is 
inseparable from the Saint Croixan series, but the Hinckley in its type 
locality has been correlated with the Superior sandstone, with the Bay- 
field, with the upper part of the Keweenawan, and with the Red Clastic 
series, all of which are thought to be older than the Saint Croixan. The 
1932 map of Minnesota shows that the rocks exposed at Hinckley are 
overlapped, 35 to 40 miles south of Hinckley, by the Saint Croixan 
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series, which includes the Mount Simon a few miles away on Willow River, 
Wisconsin. Perhaps the Hinckley at Hinckley is the equivalent of the 
upper part of the Red Clastic series in southern Minnesota. 

Throughout most of Wisconsin where the Saint Croixan series is pres- 
ent, the Mount Simon sandstone forms the basal beds of the Upper Cam- 
brian, resting on the pre-Cambrian basement. Where the Red Clastics 
are present in the old pre-Cambrian syncline—as in northwestern Wis- 
consin, in eastern and southeastern Minnesota, in northern Illinois, and 
north along the Lake Michigan shore **“—the Mount Simon rests upon 
these sediments. Its relation to the Red Clastics is that of overlap, and it 
is definitely related to the Upper Cambrian rather than to the underlying 
Red Clastics, whether they are Middle Cambrian or Keweenawan. We 
suggest, therefore, that the term, Hinckley, as applied to the beds below 
the Eau Claire shales in eastern and southeastern Minnesota, be dis- 
carded and that the term, Mount Simon, be used to designate these beds. 
The Mount Simon belongs in the Saint Croixan and is the basal member of 
that series in Minnesota, as it is in Wisconsin and elsewhere. If the name, 
Hinckley, is to be retained at all, it must apply to the rocks exposed near 
Hinckley, Minnesota, which are probably of Upper Keweenawan age. 

The precise stratigraphic relationship between the beds that are ex- 
posed near Hinckley and the sandstone that directly underlies the Eau 
Claire shale in eastern and southern Minnesota and Wisconsin (Mount 
Simon of this report) is an important problem still to be determined. 
Careful field surveys must be made of the whole area of outcrop of the 
Hinckley from Lake Superior to Cambridge (see Minnesota map, 1932) 
including exposures and wells at Fond du Lac, Sandstone, Hinckley, and 
Pine City, and along Saint Louis, Willow, Kettle, and Snake rivers, 
together with special field studies designed to connect the Hinckley of 
this area with the basal Saint Croixan beds south of Cambridge and at 
Stillwater, Minnesota, and on Willow River, Wisconsin. The field rela- 
tions of the sandstones in northeastern Minnesota with the Red Clastics 
farther south should be determined, if possible. The problems should also 
be attacked by laboratory study of the comparative mineral content of the 
Hinckley in its type locality, the Mount Simon nearby and at more distant 
points, and the buried Red Clastics of southern Minnesota and Iowa. 
Samples of all these are either in hand or can be obtained. 

If the beds exposed at Hinckley, Fond du Lac, and other places are 


«FF, T. Thwaites: Paleozoic rocks found in deep wells in Wisconsin and northern 
Illinois, Jour. Geol., vol. 31 (1923) pp. 554-555; Buried pre-Cambrian of Wisconsin, 
Bull. Geol. Soc. Am., vol. 42 (1931) pp. 740-742. 
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shown to be equivalent to the Mount Simon, an unbroken transition from 
the upper Keweenawan to the Upper Cambrian would be proved, and 
valuable data concerning the age of the Keweenawan sandstone would 
be obtained. If the Mount Simon should prove to be younger than the 
Hinckley of its type locality, however, the problem of the relation of 
the Saint Croixan to the Keweenawan would remain unsolved. In this 
connection, the line of contact between Saint Croixan and Hinckley on 
the 1932 Minnesota map should be given special attention. 


DRESBACH-EAU CLAIRE-MOUNT SIMON PROBLEM 


Reference to Tables I-IV indicates that there is still considerable con- 
fusion in the classification of the sandstones and shale beds that underlie 
the Franconia and overlie the Huronian, the Keweenawan, or the Red 
Clastics. These beds practically everywhere consist of coarse unfossil- 
iferous sandstone at the base, of fossiliferous sandstones and shales in the 
middle, and of almost or entirely unfossiliferous sandstone at the top. 
In Minnesota (Table I) the lower sandstone is called Hinckley and placed 
below the Saint Croix, as already explained, and the middle shaly beds 
and upper sandstone members are included within the Dresbach forma- 
tion. Ulrich (Table II) and Norton (Table IV) recognize Mount Simon, 
Eau Claire, and Dresbach formations corresponding to the three divisions. 
The present Wisconsin Survey (Table III) includes the lower sandstone 
(Mount Simon) and the middle shales and sandstones (Eau Claire) 
within a single formation, and designates the upper sandstone the Dres- 
bach formation. 

Our preference for calling the lowest of the three divisions Mount Simon 
and including it with the other two in the Saint Croixan series has already 
been explained. The questions now before us are: Are these divisions of 
formation or of member rank? As subdivisions of a unit including all 
three, do they constitute a group (subseries) or a formation? In any 
case, what names should be applied to the divisions and what name to 
the assembly ? 

These beds, with the rest of the Cambrian section, were correlated with 
the Potsdam of New York by James Hall “* in 1843 and by Owen * in 
1848, and the term Potsdam was subsequently used by many authors for 
the Upper Cambrian beds in the Mississippi Valley. 


«6 James Hall: Natural history of New York, pt. 4, Geol. (1843) p. 27. 

47D. D. Owen: Report of a geological reconnaissance of the Chippewa land district 
of Wisconsin and northern part of Iowa, U. S. 30th Cong., 1st sess., Sen. Ex. Doc. 57 
(1848) pp. 12-15. 
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Owen “ in 1852 gave a detailed section of these beds, the lower part of 


which he classified as follows: 
Feet 
d. Contains the Third, Fourth, and Fifth trilobite beds. 
ce. Coarse lingula grit, green, yellow, sometimes almost white ........ 100-130 
b. Second trilobite bed. White and yellow sandstone, and Obolus 
layers of Black River ....ccccccccccccsccccccccvccccccccecces 15 
First trilobite bed. Ferruginous trilobite grits, 1-8 feet, and a 
magnesio-calcareous rock, 3 feet; highly fossiliferous, schistose, 
siliceo-calcareous layers, interlaminated with argillaceous, marly 
beds, charged with sulphate of iron; the former full of Lingulas 


a. Sandstone, with oblique lines of deposition, alternating with pebbly 
sandstone, and coarse grits of the Chippewa, and Black and 
Wisconsin rivers, near the Falls 

Place of the Lake Superior ferruginous and argillaceous sand- 


a 


The upper division of “a” is the Mount Simon of the present section. Di- 
vision “b” includes the middle shales division, The lower division of 
“bo”, which Owen reported as being exposed at the falls of the Saint Croix, 
probably belongs in the upper part of the shaly division, or even in the 
overlying sandstone, for these beds underlie the Franconia formation 
above the falls without the intervening unfossiliferous sandstone now 
called Dresbach in Wisconsin. Division “c” is the equivalent of that 
upper sandstone division (Dresbach of the Wisconsin section) but in- 
cludes the Ironton member of the Franconia, as shown by the section 
given at “Mountain Island” at the mouth of the Black River.*® 
The term, Eau Claire, was first used by Wooster °° in 1882 in describ- 
ing the Potsdam sandstone, including all the beds in the present Saint 
Croixan series of the west-central part of Wisconsin. He designated the 
horizons in ascending order: “(1) Eau Claire grit, (2) Eau Claire trilo- 
bite bed, (3) Hudson triblobite beds, (4) Line of junction with the Lower 
Magnesian limestone.” These terms were not applied to separate units 
comprising several formations, but instead designated horizons within 
one unit, the Potsdam sandstone. The term “Eau Claire grit” was ap- 
plied to the sandstone exposed at the mouth of the Eau Claire River that 
is now the type exposure of the Mount Simon sandstone. He estimated 
| that these beds occur 100 feet above the pre-Cambrian granite. The 
“Eau Claire trilobite beds” occur in the Eau Claire shales of the present 


#D. D. Owen: Report of a geological survey of Wisconsin, Iowa, and Minnesota, 
Lippincott, Grambo & Co. (1852) pp. 52-53. 

Op. cit., p. 501. 

%L. C. Wooster: Geology of Wisconsin, vol. 4 (1882) pp. 109-123. 
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section, and Wooster stated that these beds marked the lower limit at 
which brachiopods were found in the sandstone. 

Winchell ** in 1884 gave the first published section for the Saint Croix 
sandstone of Minnesota. In the Saint Croix sandstone he included beds 
from the top of the present-day Jordan down to and including the shales 
at river level at Dresbach, but at that time he was confusing the Saint 
Lawrence-Jordan with the Oneota-New Richmond sequence, so that he 
used the term, Saint Lawrence, for the Oneota beds above the Saint Croix. 
In the general section he divided the beds below the present-day Fran- 


conia as follows: 
Feet 
7. Sandrock quarried by Tostevin at Dresbach; including at least 
one shale bed of six feet in its lower portion ..................- 120-150 
8. Shales and shaly sandrock, very fossiliferous; extending to the 
water-level at Dresbach, and including a conglomerate bed of 


9. Gray sandrock, penetrated by the Winona Mining Company at 
Dresbach below the level of the Mississippi River, at least ..... 20 


10. At Dresbach the Davis brothers drilled for coal a few years ago 

to the depth of 116 feet below the depot level, and found all the 

way nothing but shale and shaly sandrock alternating. Hence, 

add for the Davis’ drill, shales and shaly sandrock below all 

He further described the rock quarried at Dresbach in another section of 
the same volume.*? 

In 1886, Winchell ** corrected his error in confusing the upper beds, 
extended the Saint Croix upward to include the Saint Lawrence and the 
Jordan, and stated that the Saint Croix extended down to the “great sand- 
stone which is struck in deep wells at Red Wing and Lake City, and ap- 
pears at Hinckley and in the gorge of the Kettle River in Pine County.” 
However, in a simplified section for the Cambrian,** he placed the base 
of the Saint Croix at the base of the Dresbach, excluding the shales that 
represent the Eau Claire horizon. This contradiction is unfortunate. 
It was in this 1886 paper that the term, Dresbach, was proposed for the 
beds of gray micaceous sandstone that underlie shales and shaly sand- 
stones (Franconia) beneath the Saint Lawrence. The term was meant to 
apply to the No. 7 of his general section published two years previously 
(see above), for, speaking of the shales and shaly sandstones below the 


&N. H. Winchell: Geology’ of Winona County, Minnesota Geol. and Nat. Hist. Survey, 
Final Rept., vol. 1 (1884) pp. 257-258. 


52 Op. cit., pp. 178-179. 
88 N. H. Winchell: Revision of the stratigraphy of the Cambrian in Minnesota, Minne- 


sota Geol. and Nat. Hist. Survey, 14th Ann. Rept. (1886) pp. 325-337. 
& Op. cit., p. 337. 
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Saint Lawrence, now known as Franconia, he says: “They are underlain 
by a gray micaceous sandstone which is known recently as the Dresbach: 
sandstone, from a town in Winona county, where it is wrought for con- 
struction.” Numbers 8, 9, and 10 were classified by him in the simpli- 
fied section of the Cambrian as “shales” underlying the Dresbach and 
overlying the Hinckley sandrock. These shales are now known as Eau 
Claire. It is unfortunate that in his No. 7 he included the upper fossil- 
iferous beds of the Eau Claire, which, judging from his simplified section, 
he apparently intended to exclude from the Dresbach. Later reports by 
the Minnesota and the Wisconsin Geological Surveys and the United 
States Geological Survey followed this intended usage, and it was not 
until recently that the Minnesota geologists have returned to the type 
section of the Dresbach for a definition of the term. 

In 1888, Winchell °° summarized the material put ished in the two 
earlier reports. In his report on Goodhue County °* the Saint Croix for- 
mation includes beds from the top of the Jordan down to the base of the 
present day Mount Simon. The beds below the Franconia he listed in 


descending order: 


Feet 
8. Micaceous and feldspathic sandrock, generally white, but often 


Number 3 he correlated with the sandstone quarried at Dresbach. 
Number 4, the lower part of the Eau Claire of the classification, is dis- 
tinctlvy separated from the Dresbach. He stated that the term, Saint 
Croix, should perhaps not be extended to cover No. 5 (present-day Mount 
Simon), as it was not known to be exposed along the Mississippi or 
the Saint Croix rivers. In the divisions of the Saint Croix, however, it was 
included. 

Hall * in 1889 followed Winchell in using the term, Dresbach, for the 
sandstone that appears on the banks of the Mississippi at Dresbach, Min- 
nesota. He described it as overlying the middle Saint Croix shales (Eau 
Claire) and beneath the Saint Lawrence (which included the present-day 
Franconia). The Mount Simon beds he designated as Saint Croix sand- 
stones (lower Saint Croix), correlated them correctly with the sandstone 
of Chippewa, Black, and Wisconsin rivers, and definitely included them 


SN. H. Winchell: Minnesota Geol. and Nat. Hist. Survey, Final Rept., vol. 2 (1888) 


pp. xxi-xxii. 
% Op. cit., pp. 31-32. 
aC, W. Hall: Artesian well borings in southeastern Minnesota, Bull Minnesota Acad. 


Sci., vol. 3, no. 1 (1889) pp. 134-135. 
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with the Eau Claire and the Dresbach, above the Red Clastic series that he 
called Potsdam. Berkey ** in 1897 placed the Dresbach below the Fran- 
conia. The Dresbach included some of the underlying Eau Claire beds, 
and also, from his description, some of the present-day Franconia. 

Calvin, in a geologic section for Iowa in 1906, made the Dresbach 
include the overlying Franconia and all the beds down to the Sioux 
quartzite. Ulrich © in 1911 divided the Upper Cambrian of the Mis- 
sissippi Valley region into three divisions, Saint Lawrence, Dresbach, and 
Hinckley. 

Hall, Meinzer, and Fuller,* in 1911, excluded the middle shale division 
(Eau Claire) and the Mount Simon beds from the Dresbach, which they 
considered a formation. In the text and in well sections they grouped 
all these beds together as the “Dresbach sandstone and underlying shales 
and sandstones.” This usage, approved by the United States Geological 
Survey committee on geologic names, prepared the way for the next step, 
that of giving names to the lower shales and the sandstones separated by 
these authors from the Dresbach. When Walcott *? published Ulrich’s 
classification, only the beds below the Franconia and above the Eau 
Claire were included in the Dresbach. The Dresbach was defined as a 
massive-bedded, rather coarse-grained sandstone, with a thin bed of shale 
at the base. The term, Eau Claire, was applied to the massive-bedded, 
in part shaly sandstones, containing many fossiliferous layers, below the 
Dresbach; namely, those beds mentioned by Winchell as the “shales” 
below the Dresbach. The underlying beds, that come in at the horizon 
of the Hinckley of Minnesota deep wells, he called the Mount Simon, giv- 
ing them a place at the base of the Saint Croix, or Upper Cambrian. The 
following year the Wisconsin Geological Survey ** adopted this division of 
the lower beds. In the study of the Sparta and the Tomah quadrangles 
in 1919, Twenhofel and Thwaites ** included outcrops of Eau Claire 
within the Dresbach, and suggested that the Eau Claire and the Mount 
Simon might be represented in strata not exposed in the area. Thwaites * 


58C. P. Berkey : Geology of the Saint Croix Dalles, Am. Geologist, vol. 20 (1897) p. 377. 

5° Samuel Calvin: Notes on the geological section of Iowa, Jour. Geol., vol. 14 (1906) 
p. 572. 

© EK. O. Ulrich: Revision of the Paleozoic systems, Bull. Geol. Soc. Am., vol. 22 (1911) 
pl. 27. 

1 C. W. Hall, O. E. Meinzer, and M. L. Fuller: op. cit., pp. 47-48. 

®@C. D. Walcott: op. cit., p. 354. 

&S. Weidman and A. R. Schultz: Underground and surface water supplies of Wis- 
consin, Wisconsin Geol. Survey Bull. 35, Econ. ser. 17 (1915) pl. II. 

* W. H. Twenhofel and F. T. Thwaites: Paleozoic section of the Sparta and Tomah 
quadrangles, Wisconsin, Jour. Geol., vol. 27 (1919) pp. 614-33. 

6 FF. T. Thwaites: Paleozoic rocks found in deep wells in Wisconsin and northern 
IUinois, Jour. Geol., vol. 31 (1923) pp. 550-553. 
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in 1923 followed Ulrich in his classification of the lower part of the Saint 
Croixau, and was able to recognize Dresbach, Eau Claire, and Mount Si- 
mon divisions over a wide area, but remarked on the difficulty of drawing a 
boundary between the formations, and on the variability of the Eau 
Claire. Ulrich * in 1924 slightly modified his earlier classification by 
placing the thin fossiliferous bed that had hitherto marked the top of 
the Dresbach in the overlying Franconia, naming it the Ironton member. 
The Geological Survey of Wisconsin * accepted this classification in the 
same year. 

In 1925, Stauffer ** doubtfully recognized the Eau Claire shale as 
separate from the Dresbach, but placed the beds that are the equivalent of 
the Mount Simon in the Red Clastic series. Peterson,®® in 1929, on the 
basis of the beds exposed at the type section at Dresbach, found that the 
Eau Claire of the Wisconsin geologists was included in the Dresbach of 
Minnesota, and failed to find a lithologic or paleontologic break between 
them. She found the Eau Claire fauna throughout the Dresbach of the 
Wisconsin geologists and concluded that the sandstones and the under- 
lying shales properly belong in one formation, which should be called 
Dresbach. The lower limit of this formation was given as the base of 
the blue shales of the Eau Claire horizon, above the Hinckley sandstone. 
The Minnesota Geological Survey now follows this usage (Table I). 
Minnesota stratigraphers now include the upper and middle divisions 
within the Dresbach and separate the lower division from the Upper 
Cambrian, whereas the stratigraphers in Wisconsin ” classify the lower 
sandstone (Mount Simon) and the middle shaly division (Eau Claire) as 
a single formation and call the upper sandstone division the Dresbach 
formation (Table III). 

Although these studies serve to convince us of the wisdom of certain 
suggestions for reclassification of these beds, the changes proposed (Table 
V, p. 79) are still tentative and should be accepted only if they prove satis- 
factory with use. However, a few items are clear to us. 

Practically everywhere in the upper Mississippi Valley—covered by 
published reports or seen by the writers—there are, beneath the Fran- 
conia but still within the Saint Croixan series, beds of considerable thick- 


#E. O. Ulrich: Notes on new names in the table of formations and on physical evt- 
dence of breaks between Paleozoic systems in Wisconsin, Trans. Wisconsin Acad, Sci., 
Arts, and Letters, vol. 21 (1924) pp. 90-94. 

EK. Steidtmann : Limestones and marls of Wisconsin, Wisconsin Geol. and Nat. Hist. 
Survey Bull. 66 (1924) pp. 26-27. 

*C. R. Stauffer : Jordan sandstone, Jour. Geol., vol. 83 (1925) pp. 699-700. 

® Eunice Peterson: ibid. 

7K. O. Ulrich and C. B. Resser: Cambrian of the upper Mississippi Valley, Bull. Pub. 
Mus. Milwaukee, vol. 12, no. 1 (1930) p. 11; no. 2 (1933) p. 135. 
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ness, of which the lower portion is coarse, non-shaly, unfossiliferous 
sandstone; the middle portion, fossiliferous sandstones and shales; and 
the upper portion, sandstone containing practically no shale and few, if 
any, fossils. These three divisions are recognizable in most exposed sec- 
tions and in most deep drillings. As divisions, therefore, they are useful 
and should be recognized. The boundaries between each pair of super- 
posed units, however, are not definite horizons, and change positions 
notably in the section from locality to locality. The uppermost division 
varies in thickness from 90 feet near the mouth of Black River to 37 feet 
at the mouth of the Chippewa and to 5 feet at Franconia, and it is almost 
or quite lacking at Taylor’s Falls—not because beds are missing where 
the division is thin, but because the conditions controlling the deposition 
of the middle division persisted longer in some places than in others. 
There is a similar situation between the lower and middle divisions. In 
other words, these three divisions are more nearly members than separate 
formational units. This being so, we propose the recognition of a single 
formation divided into three members. 

One plan of reclassification would be to apply the names, Mount Simon, 
Eau Claire, and Dresbach, to the corresponding members, as is done in 
Wisconsin, and to seek a new name for the formation as a whole. It is 
true that, except for the inclusion of the Eau Claire beds in the Dresbach 
type section by Winchell and more recently by Stauffer and Peterson, the 
Minnesota and the United States Geological Survey stratigraphers have 
separated the “underlying shales and sandstones” from the Dresbach, but 
the fact remains that the Eau Claire is a large and conspicuous part of 
the Dresbach in its type locality and that the Eau Claire fauna of Wis- 
consin is nothing more nor less than the Dresbach fauna of Minnesota. 
Such a reclassification also demotes the term, Dresbach, from the rank of 
a formation to that of a member. 

Another plan of reclassification would be to call the formation Dres- 
bach, to call the lower and middle members Mount Simon and Eau Claire 
respectively, and to seek a new name for the upper member. This would 
have the advantage of retaining the term, Dresbach, for a formation and 
of including within it all the beds exposed at Dresbach, Minnesota. It 
is true that the Dresbach formation, as so defined, would include beds 
that some Minnesota geologists have called Hinckley, but, as explained 
above, we believe these are likely to prove younger than the Hinckley of 
the type locality and equivalent to the Mount Simon of Wisconsin. If 
later work should prove that the Hinckley of southern Minnesota and the 
Mount Simon of Wisconsin are equivalent to the Hinckley at Hinckley, it 
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would be proper to call the lowest member of the Dresbach formation 
Hinckley rather than Mount Simon, even though the Hinckley has never 
before been so classified. 

Everything considered, it now seems best to follow the second plan and 
to propose that the Dresbach formation be recognized and be defined to 
include the sandstones and shales that lie between the Red Clastic series 
and the Franconia in southern Minnesota and northern Iowa, between 
the pre-Cambrian and the Franconia in southern and central Wisconsin, 
and between the Keweenawan and the Franconia along the Saint Croix, 
and that this formation be subdivided into three members the lower two of 
which are called Mount Simon and Eau Claire respectively. The upper- 
most member, which has been called Dresbach in Wisconsin, is thus left 


without a name. 

Because this member is exposed from top to bottom on the bluff of 
Beaver Creek at the mill dam at Galesville, Wisconsin, the name, Gales- 
ville, is tentatively suggested for this member. The section at Galesville 


is as follows: 
Elevation Thickness 
in feet 


Top of bluff in cemetery ............ 920 
Franconia formation: 
Thin, uneven bedded, greensand and glauconitic shaly 
limestones. 
Ironton member: 
Coarse iron-stained sandstone, abundant commi- 
Dresbach formation : 
Galesville member: 
Coarse, poorly sorted sandstone with white and 
blue calcareous clay. Unfossiliferous except 
Eau Claire member: 
Upper sandstone: 
Coarse, poorly sorted sand. Lithologically 
similar to Galesville but containing scat- 
tered brachiopod shells ..............24. 760-724 36 
Eau Claire shales: 
Shaly, thin bedded sandstone, abundant tri- 
lobite and brachiopod fauna ........... . 724-678 46 
Surface of Beaver Creek below dam .............. Sune 678 


FRANCONIA-MAZOMANIE PROBLEM 


The history of classification of the beds to which the term, Franconia, 
_is now applied is long and complicated. It is difficult to delimit these 
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beds exactly in Owen’s ™ section of the “Lower Sandstone”, but at least 
the 129-154 feet of green and yellow micaceous, calcareous, dolomitic, 
and ferruginous sandstones which directly overlie the “coarse lingula 
grit” 100 to 130 feet thick, and underlie the “upper brown dolomitic 
layers . . .” 4 feet thick and which include the third and fourth trilo- 
bite beds, would be placed in the Franconia of today. 

The beds now known as Franconia were included in sections at Hudson 
and Menomonie, Wisconsin, described by Wooster,’? although he did not 
recognize them as a distinct formation nor use the name, Franconia. He 
described them as sandstones, greensands, and shales, with thin laminae 
of clay. These beds were thought to lie below the “Hudson trilobite 
beds” which he took to mark the lower limit at which brachiopods and 
calcareous matter occur. These fossiliferous and calcareous beds at 
Hudson are now known, however, to lie near the middle of the Franconia 
formation and to have thick glauconitic beds both above and below them. 

In 1888, Winchell ** described 200 feet of shales and shaly sandstones 
underlying and grading into the Saint Lawrence limestone and overlying 
the Dresbach “sandrock” in Winona County, Minnesota. These are al- 
most the exact equivalent of the Franconia formation of today. No men- 
tion was made of the presence of greensand or glauconite, and, as a matter 
of fact, the beds here, especially in their lower parts, are less glauconitic 
than is common elsewhere. Winchell called them shales in his section, 
and although they are, in reality, fine sandstones and siltstones with very 
little shale, this loose usage of terms has unfortunately persisted. 

In 1889, Hall ™* started the practice of expanding the Saint Lawrence 
formation to include these “shales”, and this practice was continued by 
Hall and Sardeson ** in 1892 and 1895 and even by Hall, Meinzer, and 
Fuller,”* with the approval of the United States Geological Survey com- 
mittee on geologic names, in 1911, and by Norton” in 1928. 

In the meantime, however, Berkey ** had recognized the stratigraphic 
value of these beds and had named the formation from the village of 


12D. D. Owen: Report of a geological survey of Wisconsin, Iowa, and Minnesota, 


Lippincott, Grambo & Co. (1852) p. 52. 
7™2L. C. Wooster: Geology of the Lower Saint Croix District, Geology of Wisconsin, 


vol. 4 (1882) pp. 112-116. 

7% N. H. Winchell: Geology of Minnesota, Minnesota Geol. and Nat. Hist. Survey, 
Final Rept., vol. 2 (1888) p. xxii. 

™C, W. Hall: Artesian well borings in southwestern Minnesota, Bull. Minnesota Acad. 
Nat. Sci., vol. 3 (1889) p. 184. 

™C. W. Hall and F. W. Sardeson: Paleozoic formations in southeastern Minnesota, 
Bull. Geol. Soc. Am., vol. 3 (1892) p. 342; The Magnesian series of the northwestern 
States, Bull. Geol. Soc. Am., vol. 6 (1895) pp. 167-198. 

7% C. W. Hall, O. E. Meinzer, and M. L. Fuller: op. cit., p. 47. 

™ W. H. Norton: Deep wells of Iowa, Iowa Geol. Survey, vol. 83 (1928) p. 24. 

®C. P. Berkey: op. cit., pp. 845-883. 
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only the 100 feet of white sandstone above. 


(above). 


greensand.” 


Franconia of western Wisconsin.** 


pl. 27, 
°C. D. Walcott: op. cit., p. 354. 


Sci., vol. 10 (1920) pp. 74-76. 


Illinois, Jour. Geol., vol. 31 (1923) pp. 548-550. 
&F, T. Thwaites: Personal communication to A. C. Trowbridge. 


IV—BuLL. Grou. Soc. AM., Vou. 45, 1934 


8. W. H. Twenhofel and F. T. Thwaites: op. cit., pp. 623-626 and fig. 1. 
BF. O. Ulrich: Major causes of land and sea oscillations, Jour. Washington Acad. 
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Franconia, Minnesota, on the Saint Croix a few miles below Taylor’s Falls. 
It is deplorable, but true, that these beds at the type locality are not 
typical of the equivalent beds elsewhere. Whereas, elsewhere they are 
characterized by glauconitic bands at almost all horizons from bottom to 
top of the formation, at Franconia there is little or no greensand within 
100 feet below the base of the Saint Lawrence. Still lower beds, however, 
are highly and typically glauconitic. Strangely enough, Berkey consid- 
ered that these basal glauconitic beds at Franconia were equivalent to the 
Dresbach of Minnesota, and he included within the Franconia formation 


In 1911, Ulrich ® included all the Franconia beds in the Dresbach, 
but in 1914, when Walcott *° published Ulrich’s classification of the upper 
Cambrian in Wisconsin, the Franconia was recognized as a formation in 
its proper place between the Dresbach (below) and the Saint Lawrence 


In 1919, Twenhofel and Thwaites ** defined the Franconia formation 
in the Tomah and the Sparta quadrangles so as to include 120 to 173 
feet of glauconitic sandstone overlying the Dresbach sandstone and under- 
lying a greensand conglomerate at the base of the Saint Lawrence. These 
authors recognized five members of the formation as follows: “(1) the 
basal sandstone and overlying calcareous layers, (2) the micaceous shale, 
(3) the lower greensand, (4) the yellow sandstone, and (5) the upper 


In 1920, Ulrich ** concluded that the glauconitic beds between the 
Dresbach and the Saint Lawrence or Mendota in eastern Wisconsin are 
younger in their entirety than the beds occupying this same position in 
western Wisconsin, and that these eastern beds constitute a formation 
separate from the Franconia. He named this new formation Mazo- 
manie from the village of that name in Dane County, Wisconsin. 

In 1923, Thwaites ** also recognized both the Franconia and the Mazo- 
manie formations but disclaimed all responsibility for Ulrich’s con- 
tention that the Mazomanie of eastern Wisconsin is younger than the 


KE. O. Ulrich: Revision of the Paleozoic systems, Bull. Geol. Soc. Am., vol. 22 (1911) 


SF. T. Thwaites: Paleozoic rocks found in deep wells in Wisconsin and northern 
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In 1924, Ulrich * reiterated his separation of the Mazomanie from the 
Franconia and urged the recognition of the Franconia of Minnesota and 
western and northern Wisconsin as a formation. He repeated the sub- 
division into members as given by Twenhofel and Thwaites and applied 
the name, Ironton, to the basal sandstone. This member is lithologically 
like the underlying Dresbach and had previously been placed in that 
formation, but Ulrich considered it to have resulted from the reworking 
of the lower formation and to be, therefore, basal Franconia. Accord- 
ing to Ulrich, the Ironton member contains a characteristic trilobite 
fauna south of Trempealeau, whereas north of that place he found only 
a few species of brachiopods which also occur commonly in the Eau 
Claire shale. After trying to recognize the other four members of the 
formation as they occur at and south of La Crosse, in the sections in 
northern Wisconsin, Ulrich concluded that the Ironton is the only mem- 
ber persistent enough to name. 

Although the Minnesota geologists have now separated the Franconia 
from the Saint Lawrence (Table I), there is a tendency among them, 
as shown by the thickness and descriptions given in their well logs, 
to include the upper part of the Franconia greensands in the Saint Law- 
rence formation, thus giving a thick Saint Lawrence and a thin Franconia. 
For instance, Stauffer ** classified the rocks penetrated in the Rochester 
and the Waconia wells as follows: 


Rochester Well 
Saint Lawrence formation: Feet 
Franconia formation: 
Waconia Well 
Saint Lawrence formation: 
Shale, green, with layers of dolomitic sandstone, and some greensand 
partings; Dicellomus politus abundant 
Shale, light green, with numerous specimens of Acrotreta ophirensis 
and an occasional Ptychoparia sp. .....ccccccsscccccccccceccccsss 26 


Franconia sandstone: 
Sandstone, fine grained, with greensand partings; Dicellomus politus 


% E. O. Ulrich: Notes on new names in table of formations and on physical evidence 
of breaks between Paleozoic systems in Wisconsin, Trans. Wisconsin Acad. Sci., Arts, 
and Letters, vol. 21 (1924) p. 83. 

8% C. R. Stauffer: Age of Red Olastic series of Minnesota, Bull. Geol. Soc. Am., vol. 38 
(1927) pp. 472-474. 
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This practice probably started because of the fact that a few feet of highly 
glauconitic, sandy and shaly beds are exposed directly under the Saint 
Lawrence dolomite at Saint Lawrence, Minnesota, and there has been a 
tendency to include all the beds that are exposed there within the Saint 
Lawrence formation. This practice, however, appears to the writers to be 
unwarranted. 

In 1931, Pentland *’ published the conclusion, based on a study of heavy 
minerals, that the Mazomanie at its type locality and elsewhere in eastern 
Wisconsin is equivalent to the Franconia of western Wisconsin, except 
that he found no equivalents of Franconia members (1) and (2) (p. 47) 
in the Mazomanie. 

We agree with Ulrich and others that the Franconia beds are of 
formational rank and urge that they continue to be so classified. The 
formation should include the greensands and the sandstones, shales, and 
limestones, many of which are glauconitic, that lie between the nonglau- 
conitic, nonfossiliferous Dresbach sandstones beneath and the Saint Law- 
rence shale or dolomite above. The formation is exposed abundantly i 
and characteristically over much of the upper Mississippi Valley and is 
easily recognized in wells not only in this area, but in southern Iowa, 
in Illinois, and even in Indiana and Ohio.®* 

We cannot agree with Ulrich, however, that the Mazomanie is younger 
than the Franconia, for the following reasons: 


1. They are similar lithologically. 

2. They are very nearly equally thick. 

3. They occupy identical stratigraphic positions between the Dresbach 
and the Saint Lawrence. 

4. Although there is some suggestion of slight and local unconformity 
between the Franconia and the Saint Lawrence, and the basal beds of the 
Franconia may not be represented in the Mazomanie, there is no evidence 
of an unconformity between the Franconia and the Saint Lawrence, from 
which position the Mazomanie is missing; or of an unconformity be- 
tween the Dresbach and the Mazomanie, from which position the Franconia 
is missing. 

5. Pentland has shown that the heavy minerals of the two formations 
are closely similar but different from those of older and younger sand- 
stones. 


8 A, Pentland: Heavy minerals of the Franconia and Mazomanie sandstones, Wis- 
consin, Jour. Sedimentary Petrol., vol. 1 (1931) pp. 23-36. 

Isabel B. Wasson: Sub-Trenton formations in Ohio, Jour. Geol., vol. 40 (1982) 
pp. 673-687. 
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6. According to Raasch *® the Mazomanie fauna, since Ulrich first 
reported it from the upper beds at Mazomanie and elsewhere in east- 
central Wisconsin, has been found also in the upper portion of the Fran- 
conia. The Franconia fauna has likewise been found below the Mazo- 
manie fauna in the Mazomanie areas. 

Many sections of the Franconia formation have been measured and 
described by the writers and by graduate students of the senior writer, 
but they add little of value to the published sections of Ulrich, Twen- 
hofel, and Thwaites, and therefore are not included here. 


SAINT LAWRENCE-MENDOTA PROBLEM 


The Saint Lawrence limestone was first described and named by Win- 
chell ®° for the village of Saint Lawrence (no longer existing) on the 
Minnesota River in Scott County, Minnesota. The section described at 
Saint Lawrence consists of 14.5 feet of magnesian limestone with shaly 
partings and green grains. The rock was being quarried at Saint Law- 
rence and also at Judson in Blue Earth County. It is not clear whether 
Winchell meant to include in the Saint Lawrence some shaly beds now 
known to overlie the dolomite, but in any case the problem now under 
discussion involves only the 14.5 feet of dolomite described by him. For 
the present this member is called the Saint Lawrence dolomite. 
Throughout practically the whole of the upper Mississippi Valley area 
this same rock overlies the Franconia greensands and is overlain by thin- 
bedded siltstones, sandstones, limestones, dolomites, and shales contain- 
ing the “Dikellocephalus minnesotensis zone” of the earlier writers. These 

overlying beds are now known as the Lodi “shale.” The dolomite beds 

are quarried in many places, crop out abundantly, are so characteristic 

lithologically and in stratigraphic position, and have been described by 

so many workers, that there can be no doubt of the equivalency of the 

member throughout this whole area. 

In 1875, Irving * described a similar magnesian limestone in Wiscon- 

sin, naming it the Mendota limestone. Two years later he *? described 

the Mendota limestone more fully. The type section is on the north 

shore of Lake Mendota at MacBride’s Point. In addition to exposures 

at the lake and at other points in the Madison area, numerous sections 


Raasch: Personal communication. 

%°N. H. Winchell: The geology of the Minnesota Valley, Minnesota Geol. and Nat. 
Hist. Survey, 2d Ann. Rept. (1874) pp. 152-155. 

= R. D. Irving: Note on some new points in the elementary stratification of the pri- 
mordial and Canadian rocks of south-central Wisconsin, Am. Jour. Sci., 3rd ser., vol. 9 
(1875) pp. 441-442. 

*R. D. Irving: Geology of central Wisconsin, Geology of Wisconsin, vol. 2 (1877) 
pp. 525, 526, 542-546. 
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are mentioned in an area about 70 miles square. The descriptions are 
clear, and there can be no doubt that the Mendota of Irving directly 
overlies the greensand beds here called Franconia, directly underlies this 
Madison sandstone, and includes not only the dolomite, but the overlying 
beds now called Lodi. In regard to the latter point, he writes “about 
Madison . . ., the Mendota has a thickness of 30 to 35 feet, of which 
the lower 20 feet are of a heavily-bedded, dark yellow and brown, jointed, 
conchoidal-fracturing rock, which is stained in seams and patches by the 
red oxide of iron, and leaves on solution 3 to 10 per cent of an aluminous 
and non-arenaceous residue [the dolomite].°%* . . . The upper part of 
the Mendota about Madison resembles the lower, except in being in thin, 
rough-surfaced, layers, and in carrying a somewhat larger percentage of 
siliceous matter” [the Lodi] **; “about the village of Lodi, in Columbia 
county, both Madison and Mendota are frequently exposed, with charac- 
ters like those just described” **; “in the upper shaly layers [the Lodi] 
of the Mendota beds, very large impressions of Dikellocephalus minneso- 
tensis are quite abundant.” °° 

In 1886, Winchell *’ correlated the Saint Lawrence of Minnesota with 
Irving’s Mendota of Wisconsin, and the Jordan sandstone of Minnesota 
with Irving’s Madison of Wisconsin, and repeated both correlations in 
1888.° 

The correlation of the Saint Lawrence and the Mendota was generally 
accepted until 1911, when Ulrich ® questioned it in these words: “The 
Mendota dolomite is commonly identified with the Saint Lawrence lime- 
stone of Minnesota, but I am not convinced that this relation is a fact. 
Unfortunately I have had no sufficient opportunity to study this problem 
in the field, and the fossils from beds between the Dresbach below and 
the Oneota above now in my hands, are far from satisfactory in kind, 
number and exact stratigraphic assignment.” In 1914, Walcott? 
published a revised section by Ulrich, in which the Mendota and the 
Madison were placed in the Ozarkian rather than in the Cambrian, and 
the Mendota was considered to be younger than the Jordan. Walcott 
writes of Ulrich: “He found that the Mendota limestone and the Madi- 


% Brackets are ours. 

% Op. cit., p. 543. 

® Op. cit., p. 544. 

% Op. cit., p. 545. 

%N. H. Winchell: Revision of the stratigraphy of the Cambrian in Minnesota, Minne- 
sota Geol. and Nat. Hist. Survey, 14th Ann. Rept. (1886) p. 336. 

%*%N. H. Winchell: Geology of Minnesota, Minnesota Geol. and Nat. Hist. Survey, 
Final Rept., vol. 2 (1888) p. xxii. 

FB. O. Ulrich: Revision of the early Pal ic systems, Bull. Geol. Soc. Am., vol. 22 
(1911) p. 640. 

10 C, D. Walcott: op. cit., pp. 353-354. 
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son sandstone, which had been previously correlated with the Jordan 
sandstone and the Saint Lawrence limestone respectively of the Min- 
nesota Survey, were both above the Jordan sandstone and separated from 
it by an unconformity; also that their included fossils correlated them 
with the Ozarkian formations of his Missouri section.” 

The evidence for these conclusions, especially as related to two critical 
sections, one north and one ©outh of Madison, were stated fully by 
Ulrich +2 in 1916. In both these sections, which are known as the Men- 
dota Station and Rock cuts, north and south respectively, on the Chicago 
and Northwestern Railroad, the sequence according to the interpreta- 
tions of Irving and of certain unnamed “friendly opponents” of Ulrich 
had been as follows: 


3. Dolomite (Oneota) 
2. Sandstone (Madison—Jordan) 
1. Shaly beds (Saint Lawrence) 


Ulrich states that Nos. 3 and 2 were exposed in the cuts, and that beneath 
the lowest beds seen in the cuts were shaly beds, No. 1, which he admitted 
were Saint Lawrence. He further states that as in Minnesota and west- 
ern Wisconsin the Jordan intervenes between the Saint Lawrence and 
the Oneota, just as here the Madison appeared to intervene, his opinions 
on the difference in age between the Saint Lawrence-Jordan and the Men- 
dota-Madison might appear to be in error. In this case, however, ac- 
cording to Ulrich, appearances are deceptive. He concluded that No. 2 
includes the Madison sandstone lying unconformably on Jordan sand- 
stone, and that the Mendota is missing between the Madison and the 
Jordan. The evidence of unconformity between the sandstones of No. 2 
was given as a “slightly uneven plane of contact” and “the relative coarse- 
ness of the quartz grains that make up the first few inches or more of 
the overlying sandstone—a condition resulting from washing and sifting 
by wave action to which the previously exposed and weathered surface of 
the Jordan was subjected at the time of the early Ozarkian marine trans- 
gression.” 

A well,’ drilled at the Mendota Station cut, has since shown, how- 
ever, that there are, just below the sand identified as Jordan by Ulrich, 
the same dolomite beds that are present in the type section of the Men- 
dota at Farwell’s Point, one mile south. Instead of the Mendota being 
represented in the section above by an erosional surface in the sandstone, 


11 FE. O. Ulrich: Correlation by displacements of the strand-line and the function and 
proper use of fossils in correlation, Bull. Geol. Soc. Am., vol. 27 (1916) pp. 460-461. 

102 Conover well, G. W. Peterson, driller. Drilled May, 1922. Samples Nos. 54669- 
54696. Wisconsin Geological Survey Office. 


» 

-<t 

. 

| 


SAINT LAWRENCE — MENDOTA PROBLEM 53 


it occurs below that sandstone just as it does in the type section of the 
Mendota, and above the same Mazomanie beds. The shaly beds, No. 1, 
identified by Ulrich as Saint Lawrence, are present above the Mendota 
in these sections, just as in the type section, and are correctly called Lodi. 
The type sections of Irving’s and Ulrich’s Mendota lie between the 
two rock cut sections mentioned above, and in them the lithologic sequence | 
is much the same as in the two sections north and south of Madison, ex- 
cept that the full thickness of Mendota is exposed, as well as the upper 
part of the glauconitic sandstone of the Mazomanie. According to 
Ulrich, the Mendota here lies on beds of different ages. The implication . 
is that in the type sections the Mendota lies on the Mazomanie, with Saint 
Lawrence, Lodi, and Jordan missing, or on the Saint Lawrence, with the 
Lodi and the Jordan missing. Ulrich’s statement is as follows: “Next, | 
} 


it was conceded that all of the eight known outcrops of the true Men- 
dota are practically identical in lithologic characters and contained fos- 
sils, and that they arrange themselves in a narrow northwest-southeast 
belt—probably an erosion valley—(some 50 miles long and 4 or 5 miles 
wide) that passes between the localities of the two cuts in which the true 
Mendota type of rock is absent.” Thus, it appears that, with the excep- 
tion of eight exposures in an area of 200 or 250 square miles, all of the 
Mendota of Irving, including many sections in an area of about 4900 
square miles (see p. 51), is correlated by Ulrich and by others with the 
Saint Lawrence. Ulrich’s chief basis for considering the Mendota 
younger than the Saint Lawrence is paleontological. The fossils of the 
“true Mendota” are, he believes, different from, and much younger than, 
those of the Saint Lawrence. However, he points out * that near Black 
Earth, a few miles west of Madison, there is a dolomite, which he calls 
the Black Earth dolomite, in the Saint Lawrence under the Lodi shale, in 
which there are thirteen fossil species, ten of which are practically identical 
with fossils that occur commonly in the Mendota. This he interprets 
as a preoccurrence of the Mendota fauna in the Saint Lawrence. These 
ten species common to the Black Earth and to the Mendota are reported 
by Ulrich as being “distressingly similar.” Ulrich ** also states: “In 
fact, the fossils from these two zones (the Black Earth and Mendota 
dolomites) are so much alike that if the probability of their distinctness 
had not been suspected the Black Earth species would scarcely have been 
distinguished from their Mendota congeners.” 

In 1919, Twenhofel and Thwaites*°* described the Saint Lawrence 


18 BE, O. Ulrich: Op. cit., pp. 477-478. 
1% Op. cit., pp. 477-478. 
16 W. H. Twenhofel and F. T. Thwaites: op. cit., pp. 616, 626-630. 
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formation in the Tomah and the Sparta quadrangles. Within it were 
included 28 feet or less of “calcareous beds” at the base and about 70 feet 
of sandstone “Quarry Rock” at the top. The lower member is doubtless 
the Saint Lawrence dolomite and shale of Minnesota. Above the Saint 
Lawrence is the Jordan, 26 to 40 feet thick, and above this, with a ques- 
tioned “disconformity” between, is a questioned Madison. Quoting 
Ulrich on the post-Cambrian age of the Mendota, they suggest that this 
formation is missing at the unconformable contact of the Jordan and the 
Madison sandstones. 

In 1923, Thwaites + followed Ulrich in describing the Mendota and 
the Madison separately from the Saint Lawrence and the Jordan respec- 
tively, and quoted Ulrich to the effect that the Mendota is younger than 
the Jordan, but in a long footnote ** explained that there is no satisfac- 
tory physical evidence to support such conclusions and that even “the 
fossils of the Saint Lawrence . . . are strikingly similar to those of 
the Mendota although they show certain differences.” In the same arti- 
cle, also, Thwaites follows Ulrich in using the term, Black Earth dolo- 
mite, as a synonym for Saint Lawrence dolomite, and describes and names 
the Devil’s Lake formation to which no specific age or relationship is as- 
signed. In a later paper, however, in referring to the section for Wis- 
consin in which the Mendota-Madison appears above the Saint Law- 
rence-J ordan, Thwaites + says: “The Mendota is assigned to this position 
by Ulrich ; it is the opinion of the writer that it is equivalent to the lower 
part of the Trempealeau, the original Saint Lawrence.” Thwaites also 
assigned the Devil’s Lake formation to an equivalent horizon to the Men- 
dota. 

In 1924, Searight,? as the result of careful stratigraphic, petrologic, 
and paleontologic studies, failed to find evidence of any sort by which 
the Saint Lawrence of Minnesota, Iowa, and western Wisconsin could 
be separated from the Mendota around Madison and Baraboo. He con- 
sidered them to be identical in stratigraphic position, notably similar in 
content of carbonates and insoluble residues, and remarkably similar in 
contained fossils. He believed that typical Lodi, carrying typical fos- 
sils, overlies the Mendota in the type sections on Lake Mendota. 

In 1924, Ulrich #° reviewed the literature of the Saint Lawrence 


16 F. T, Thwaites: Paleozoic rocks found in deep wells in Wisconsin and northern 
IUinois, Jour. Geol., vol 31 (1923) pp. 544-548. 


107 Op. cit., p. 545. 
18. T,. Thwaites: Stratigraphy and geologic structure of northern Illinois, Ilinois 


‘Geol. Survey, Rept. Investigations no. 13 (1927) table I, footnote. 

100 W. V. Searight: Correlation of the uppermost Cambrian strata of the upper Missis- 
sippi Valley, unpublished thesis, Universiay of Iowa (1924) pp. 1-101. 

10 E. O. Ulrich: Notes on new names in table of formations and in physical evidence 
of breaks between Paleozoic systems in Wisconsin, Trans. Wisconsin Acad. Sci., Arts, 
and Letters, vol. 21 (1924) pp. 71-107. 
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thoroughly but did not stress the problem of the relative ages of the Saint 
Lawrence and the Mendota formations. He did re-affirm that the Men- 
dota is much younger than the Saint Lawrence and again put the Men- 
dota and the Madison in the Ozarkian, and the Saint Lawrence and the 
Jordan in the Cambrian. For the first time he classified the Devil’s Lake 
sandstone, named by Thwaites following Ulrich in the previous year, 
placing it in the base of the Ozarkian between the older Cambrian Jor- 
dan and the younger Ozarkian Mendota.14* He again‘? referred to 
the lithologic and faunal similarity of the Mendota and the Black Earth 
dolomites, and again explained it on the basis of recurrent physical con- 
ditions and recurrent faunas. 

We are of the opinion that Saint Lawrence, Black Earth, and Mendota 
dolomites represent the same stratigraphic unit and are of the same age. 
Both the Mendota and the Saint Lawrence appear to lie on the Fran- 
conia with few, if any, beds missing. We believe that the sandstones 
and shales that overlie both these dolomites are of essentially the same 
age. We do not agree that there is an intersystem break within the 
sandstones overlying the Saint Lawrence in the Madison and the Sparta- 
Tomah areas. Even though there is an irregular bedding plane and the 
immediately overlying sand is coarser than that beneath, which may indi- 
cate that the lower sand was reworked to form the upper, nothing more 
than a diastem is needed to explain the situation. Such conditions 
occur at many different horizons, not only in the sands overlying the 
Saint Lawrence, but also in the*Franconia sands beneath it. As pointed 
out by Thwaites, the Mendota of the type sections lies exactly as far below 
the base of the Oneota as does the Saint Lawrence a few miles farther 
west. Except near the pre-Cambrian quartzite ranges in the Baraboo 
district, where all the formations are somewhat unusual lithologically, 
the two dolomites are notably similar in general appearance, in composi- 
tion, and in thickness. We agree with Thwaites that if the Black Earth 
(Saint Lawrence) and the Mendota dolomites are not identical, the evi- 
dence to the contrary is paleontological. For the most part, the fossils 
are neither plentiful nor well preserved. More than one paleontologist 
has found no significant differences between the two faunas. We agree 
that the practical identity of ten species that occur both in the Mendota 
and in the Black Earth might be explained on the basis of recurrent 
faunas, but in the light of a considerable mass of opposing evidence, we 
cannot accept this explanation in this particular case. 

Although we regard this one problem as solved, as indicated in the 


"111 Op. eit., pp. 80, 83, 104, and 105. 
12 Op, cit., p. 89. 
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tentative section (Table V, p. 00), we anticipate the publication of de- 
scriptions and figures of all the fossil forms from both dolomites, side 
by side. Perhaps this remains to be done before the question is closed. 


SAINT LAWRENCE-TREMPEALEAU PROBLEM 


The literature pertaining to the dolomitic portion of the Saint Law- 
rence of Minnesota, Iowa, and Wisconsin having been reviewed, and the 
problem of the relative ages of this dolomite and the Mendota dolomite 
of Irving and of Ulrich having been discussed above, the question of the 
advisability of restricting the term, Saint Lawrence, to the dolomite that 
occurs at Saint Lawrence and its equivalents, and accepting the term, 
Trempealeau, to include this dolomite and other beds, some of which 
are older but most of which are younger than the dolomite, as suggested 
by Ulrich (Table II), can be considered briefly. From Winchell’s *%* 
original description of the Saint Lawrence at Saint Lawrence, Judson, 
and elsewhere in the Minnesota Valley, there is room for doubt as 
to whether he did or did not intend to include in the Saint Lawrence 
the shaly and sandy beds that are now known to overlie the dolomite, 
to underlie the Jordan sandstone, and to contain the “Dikellocephalus 
minnesotensis” fauna (the fifth trilobite bed of Owen),2** and that 
are now known as Lodi. These younger beds are present but not well 
exposed between the villages of Saint Lawrence and Jordan, and Winchell 
may not have known that they were there. He does, however, describe 
thin shaly beds near Judson that he plaees “very near the line of sepa- 
ration of that sandstone (Jordan) from the Saint Lawrence limestone.” 
In this paper, Winchell regarded the Saint Lawrence as the basal bed 
of the Lower Magnesian series, and confused the Saint Lawrence with 
the Oneota and the St. Peter with the New Richmond. This mistake 
was repeated in 1884 1*5 but was corrected in 1886.7%° In this last paper 
he assigned a thickness of 30 feet to the Saint Lawrence, mentioned the 
overlying “shales” (the Lodi of today), and definitely included these 
shaly beds with the Saint Lawrence and not with the overlying Jordan 
sandstone. 

Plane-table mapping of the area around Saint Lawrence and Jordan 
by Couser **7 demonstrates that there are, in fact, 11.6 feet of shaly and 


18 N. H. Winchell: Geology of the Minnesota Valley, Minnesota Geol. and Nat. Hist. 
Survey, 2d Ann. Rept. (1874) pp. 152-155. 

14D. D. Owen: Report of a geological survey of Wisconsin, Iowa, and Minnesota, 
Lippincott, Grambo & Co. (1852) p. 52. 

5 N. H. Winchell: Geology of Minnesota, vol. 1 (1884) pp. 253-259. 

néN. H. Winchell: Minnesota Geol. and Nat. Hist. Survey, 14th Ann. Rept. (1886) 
pp. 325-337. 

17°C, W. Couser: Personal communication. 
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limy beds above the 14.5 feet of dolomite described by Winchell in 1874 
and beneath the Jordan sandstone. This gives a thickness of 26.1 feet 
instead of 30 feet to the Saint Lawrence of Winchell’s 1886 section. 


It is not quite clear from the statements of Upham,"* Hall,* and 
Hall and Sardeson **° whether these writers included in the Saint Law- 
rence formation the younger shaly beds with the 14.5 feet of dolomite, 
originally described by Winchell, or whether these beds were considered 
as part of the still younger Jordan sandstone. Later, however, Hall and 
Sardeson 722 clearly locate the top of the Saint Lawrence beneath the 
Jordan sandstone at Jordan. Thus, the poorly exposed beds between 
the villages of Saint Lawrence and Jordan were placed in the Saint Law- 
rence formation. Furthermore, sections are mentioned at Redwing, 
Hokah, and Marine Mills, Minnesota; Osceola, Hudson, Trempealeau, 
and Lone Rock, Wisconsin; and Lansing, Iowa, in all of which the Saint 
Lawrence dolomite includes a thin-bedded shaly member at the top con- 
taining a characteristic “Dikellocephalus minnesotensis” fauna. In the 
same year, Sardeson ?*? included the “Saint Lawrence (Mendota) forma- 
tion” in the Magnesian series and described its fauna. By assigning 
“Dikellocephalus minnesotensis” and three species of Lingula to the Saint 
Lawrence, he clearly included beds now known as Lodi in the Saint 
Lawrence; indeed, he seems to have described the fauna of the Lodi and 
not of the dolomite. Of 29 species described, three were said to occur in 
the Saint Lawrence but not at other horizons, two were said to be common 
to Saint Lawrence, Jordan, and Oneota, and one was said to be common 
to the Saint Lawrence and the Oneota. 

In describing the section of Saint Croix beds exposed at Lansing, Iowa, 
Calvin }* listed calcareous beds that are quarried, overlain by horizontally 
laminated, fine, calcareous, shaly beds that contain the “Dikellocephalus 
minnesotensis” fauna, beneath similar beds that contain no fossils. Of 
these beds he writes, “. . . the whole assemblage of evenly bedded cal- 
careous strata, about thirty-five feet altogether, is the equivalent of the 
Saint Lawrence limestone of Winchell, as re-defined (in 1886) . .. , 


18 Warren Upham: Geology of Carver and Scott Counties, Minnesota Geol. and Nat. 
Hist. Survey, Final Rept., vol. 2 (1888) pp. 119-121. 

19 C, W. Hall: Geological conditions which control artesian well boring in southeastern 
Minnesota, Bull. Minnesota Acad. Nat. Sci., vol. 8 (1889) p. 184. 

1220 C, W. Hall and F. W. Sardeson: Paleozoic formations of southeastern Minnesota, 
Bull. Geol. Soc. Am., vol. 3 (1892) pp. 342 and 368. 

121C, W. Hall and F. W. Sardeson: The Magnesian series of the northwestern States, 
Bull. Geol. Soc. Am., vol. 6 (1895) rp. 172-175 

12 F, W. Sardeson: Fauna of the Magnesian series, Bull. Minnesota Acad. Nat. Sci., 
vol. 4 (1896) pp. 92-105. 

1 Samuel Calvin: Geology of Allamakee County, Iowa Geol. Survey, vol. 4 (1895) 
pp. 57-60. 
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while it is also the equivalent of the Mendota limestone of Irving. . . .” 

When Berkey ?** named the Franconia formation, he used the term, 
Saint Lawrence, for the beds above the Franconia and below the Jordan, 
and mentioned the “Saint Lawrence dolomites and shales.” By this time 
the thin beds of varying composition that overlie the main dolomite and 
that carry a persistent and characteristic fauna were well known, and the 
practice of including them in the Saint Lawrence was well established. 

An element of confusion was introduced by Walcott ##° when he pub- 
lished Ulrich’s classification. The formation in Minnesota and western 
Wisconsin was defined as consisting of an upper, regularly bedded mag- 
nesian dolomite (the fauna of which is that given for the original lime- 
stone defined by Winchell, below which occurs a varying thickness of 
“siliceo-argillaceous” dolomite with occasional layers of crumbling white 
sand, containing the “Dikellocephalus minnesotensis” fauna. A grada- 
tion was also recorded from the dolomitic rock of the Saint Lawrence 
to the sandstone of the Saint Croix, but his quotation was taken from 
Winchell’s mistaken description of the Oneota and the sandstone above. 
From the descriptions given by Walcott it is plain that the “siliceo-argil- 
laceous” beds containing the Dikellocephalus minnesotensis fauna (now 
known as the Lodi member) were placed below the Saint Lawrence lime- 
stone, or in exactly reverse order from their true positions. Winchell 
was describing the transition zone between the Jordan and the basal 
Oneota, and thus, Ulrich, through Walcott, in defining the divisions of 
the Saint Lawrence, which he was later to change to Trempealeau, used 
verbatim descriptions of beds at an entirely different horizon, and al- 
though the lithologic descriptions apparently fit they were never intended 
for the beds now known as the Trempealeau. 

There was no important variation from the practice of defining the 
Saint Lawrence formation so as to include 40 or 50 feet of beds between 
the top of the Franconia and the base of the Jordan and of dividing it 
into two unnamed members, until Twenhofel and Thwaites,** in the 
Sparta and Tomah quadrangles of Wisconsin, assigned it a thickness of 
78-110 feet, and included within it about 70 feet of beds above the “cal- 
careous beds”, thus transferring to the Saint Lawrence about 50 feet of 
sandstone that had heretofore been called Jordan. They credit this classi- 
fication to Ulrich in these words: “The stratigraphic boundaries as they 
exist in western Wisconsin were worked out by Ulrich, and in this article 


14 C, P. Berkey: op. cit., pp. 372 and 377. 
13 Walcott: op. cit., pp. 354-356. 
128 W. H. Twenhofel and F. T. Thwaites: op. cit., pp. 626-628. 
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the term [Saint Lawrence formation] is used with the significance given 
it by him.” 

This was the forerunner of an new classification, first published by 
Thwaites,!*” but credited to Ulrich and later presented in detail by 
Ulrich 17° himself. In this classification some shaly beds that locally 
underlie the Saint Lawrence dolomite were recognized for the first time, 
and the term Saint Lawrence was restricted to the 14.5 feet of dolomitic 
beds originally described by Winchell, and their equivalents. The shaly 
thin beds that directly overlie this dolomite were called Lodi. About 50 
feet of sandstone, that until the time of Twenhofel and Thwaites had been 
called Jordan, were separated from the Jordan and called Norwalk. To 
this assembly was given the name, Trempealeau formation (Table II). 
The reason assigned for separating the Norwalk from the Jordan and 
including it in the Trempealeau was the belief that the fauna of the Lodi 
continues with little change for about 50 feet above the top of the Lodi, 
but not farther. 

After reviewing the literature and redescribing some of the better- 
known sections of the Jordan sandstone of Minnesota, and older and 
younger beds, Stauffer ‘*® objected to recognition of the Norwalk sand- 
stone as constituted by Ulrich, chiefly on the grounds that this sandstone 
is the exact equivalent of the Jordan sandstone in its type section, that 
there are no other beds than these at Jordan, and that the Upper Cam- 
brian fossils mentioned by Ulrich continue not only to the top of Ulrich’s 
Norwalk, but at least to within 25 feet of the base of the Oneota. 

Ockerman,?*° following Twenhofel and Thwaites, included in the “Saint 
Lawrence sandstone” all but the upper 20-40 feet of the Jordan. Two 
articles by Ulrich and Resser *** have appeared recently in which the old 
“Dikellocephalus minnesotensis” fauna and the trilobites of adjacent hori- 
zons are redescribed, refigured, and renamed. No specimens of Dikello- 
cephalus minnesotensis are left except those that constituted the original 
types. Twenty-five new species of Dikellocephalus are described, figured, 
and named ; also 2 new species of Briscoia, 1 new species of a new genus, 


17 Ff, T. Thwaites: Paleozoic rocks found in deep wells in Wisconsin and northern 
Illinois, Jour. Geol., vol. 31 (1923) p. 547. 

18 FE. O. Ulrich: Notes on new names in table of formations and on physical evidence 
of breaks between Paleozoic systems in Wisconsin, Trans. Wisconsin Acad. Sci., Arts, 
and Letters, vol. 21 (1924) pp. 83, 85-90. 

19 C. R. Stauffer: The Jordan sandstone, Jour. Geol., vol. 33 (1925) pp. 699-713. 

10 J, W. Ockerman: Petrographic study of the Madison and Jordan sandstones of 
southern Wisconsin, Jour. Geol., vol. 838 (1930) p. 347. 

1811, O. Ulrich and C. B. Resser: The Cambrian of the upper Mississippi Valley: 
pt. 1, Trilobita; Dikellocephalinae and Osceolinae, Bull. Pub. Mus. Milwaukee, vol. 12 
(1980) pp. 1-122, and pt. 2. Trilobita;: Saukiinae; ibid., vol. 12 (1933) pp. 123-306. 
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Walcottaspis, 5 new species of Osceolia, 30 new species of a new genus, 
Prosaukia, 23 new species of Saukia, 12 new species of a new genus, 
Saukiella, 7 new species of Calvinella, and 10 new species of a new genus, 
Tellerina. Of these species 59 are assigned to the Lodi shale member 
of the Trempealeau formation, 31 to the Norwalk sandstone member of 
the Trempealeau formation, 24 to the Mazomanie formation, 9 to the 
Franconia formation, 1 to the Franconia or Mazomanie, and 1 to the 
Saint Lawrence limestone member of the Trempealeau formation. It 
thus appears that although the Lodi and Norwalk faunas are closely 
related generically, there is no species of trilobite common to both, so far 
as their faunas have been described recently. 

It is not easy to suggest a reclassification of these beds that will cer- 
tainly clarify the situation, but it seems to us that the present classifica- 
tion, as used in Wisconsin, should not stand. 

We believe, with Stenffer, that the Norwalk sandstone is the equivalent 
of the Jordan sandstone at Jordan, Minnesota, and that these beds and 
their equivalents can not properly be called Norwalk and be classified as 
a member of a formation older than the Jordan. On this basis there 
would be Norwalk, but no Jordan, at Jordan, Minnesota. 

Between the Franconia formation (below) and the Jordan formation 
(above) there is a thin formation in which occur local shaly calcareous 
beds at the base, a widespread, persistent, easily recognized dolomite bed 
in the middle, and thin sandy, silty, or shaly calcareous beds in the upper 
portion. Practically nowhere is this formation as much as 50 feet thick. 
Ulrich’s recognition of the local basal shale without giving it a name and 
his name, Lodi, for the upper thin-bedded member appear satisfactory. 
There is something to be said for Ulrich’s proposal to restrict the term, 
Saint Lawrence, to the dolomite member only, and yet the term may have 
included the Lodi originally and has certainly included it since 1886. If 
the term is to be restricted to the dolomite member, another name must 
be given to the formation. The term, Trempealeau, has never been recog- 
nized by the United States Geological Survey committeee on geologic 
names. Even if it had been so recognized, it would not be acceptabie for 
this particular formation, for more than half of the Trempealeau forma- 
tion, as previously defined, is Jordan and should remain Jordan. To use 
the name, Trempealeau, in an almost entirely new sense would only add 
to the confusion. On the whole, it seems best to continue to use the term, 
Saint Lawrence, in a formational sense and to assign some other name to 
the dolomite member. The Saint Lawrence formation then, as we propose 
to use it (Table V, page 79), is the original Saint Lawrence formation of 
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Winchell with the addition of the more recently recognized local basal 
shale and Lodi; it is identical with the Saint Lawrence formation as de- 
scribed by Winchell in 1888, by Calvin in 1894, by Sardeson and by 
Berkey in 1895, and by many others; it is the Saint Lawrence formation of 
Hall and Sardeson (1895), of Norton (1897), and of Hall, Meinzer, and 
Fuller (1911), except that these authors included the Franconia also 
wthin their Saint Lawrence; it is the Mendota formation of Irving as 
correlated with the Saint Lawrence of Winchell; it is the Saint Lawrence 
formation of Twenhofel and Thwaites (1919) and of Ockerman (1930), 
except that these authors included the Norwalk sandstone within the Saint 
Lawrence; it is the Saint Lawrence formation of Stauffer (1927), except 
that he included within it a part of the Franconia. 

Adoption of the term, Saint Lawrence, for the formation leaves the dolo- 
mite member without a name. Except for the fact that the Mendota of 
Irving included the Lodi, just as did the Saint Lawrence in Minnesota, 
the dolomite member c '1 now be called Mendota. So far as can be 
determined from the lite:ature, Black Earth is the only name that has 
been applied to the dolomite member and to that alone. We propose, 
therefore, the following classification : 


Jordan formation (sandstone) 


Lodi (thin sandy, silty, shaly, limy beds contain- 
ing a characteristic fauna) 
Saint Lawrence formation Black earth (dolomite) 


Unnamed member (local, thin shaly beds) 


Franconia formation (chiefly glauconitic sandstone) 


JORDAN-MADISON PROBLEM 


With the exception of the most recently published generalized section 
for Wisconsin,1** the name, Jordan, has appeared in practically every 
upper Mississippi Valley section published since 1874. Although most 
of the literature has been referred to above, the history of usage of this 
term and of the names given to equivalent beds is traced in the following 
pages, so that the data on which our tentative classification (Table V, 
page 79) is based may not be misunderstood. 

Strata that later were called Jordan were described by Owen *** in 1852. 


182 Lawrence Martin: op. cit., p. 4. 
133D, D. Owen: Report of a geological survey of Wisconsin, Iowa, and Minnesota, 


Lippincott, Brambo & Co. (1852) p. 52. 
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His “e” beds overlying the “Fifth trilobite bed” (Lodi of today) and 
“f’ beds were later classified as Jordan. The uppermost division of 
Owen’s section, designated as the “Sixth trilobite bed,” belongs at the 
top of the Jordan or Madison of later classifications. 

In 1874, Winchell *** named the Jordan formation for sandstone that 
crops out along Sand Creek and in quarries and beer cellars at the village 
of Jordan, Minnesota. Although he lists six sandstone members that 
total 51 feet in thickness, he states: “The observations of the survey do 
not warrant the assignment of that aggregate thickness to the outcrops 
here, some of the localities named being regarded as on the same geo- 
logical horizon. The general uniformity of characters makes it difficult 
to judge how much of the bedding at one place may be included in the 
outcrop of another; but 25 or 30 feet would probably cover the thickness 
exposed.” At the base of the exposed sandstone there are thin calcareous 
beds that represent the top of the Lodi of today, 

In the Third, Fourth, and Fifth Annual Reports of the Minnesota Geo- 
logical Survey, owing to the fact that Winchell had previously included 
the Jordan in the “Lower Magnesian,” the Jordan was confused some- 
times with the New Richmond and at others with the St. Peter. In 1883, 
Upham *** correctly recognized the separate identity of the Jordan and 
the New Richmond, and in 1886, Winchell *** corrected the source of 
confusion and placed the Jordan at the top of the Saint Croix, above the 
Saint Lawrence and below the main body of magnesian limestone. 
Calvin **7 described 160 feet of sandstone lying above the Saint Lawrence 
shale and the “Dikellocephalus minnesotensis” zone and beneath the 
Oneota in Allamakee County, Iowa, and correlated it with the “Jordan 
sandstone of Winchell” and the “Madison sandstone of Irving.” 

From 1886 until 1914, when Walcott *** published Ulrich’s classifica- 
tion of the Upper Cambrian of Wisconsin, this use of the Jordan con- 
tinued, but Ulrich included in the Saint Lawrence formation lower beds 
that had been called Jordan. 

Twenhofel and Thwaites *** separated about 70 feet from the lower part 


1% N. H. Winchell: Geology of the Minnesota Valley, Minnesota Geol. and Nat. Hist. 
Survey, 2nd Ann. Rept. (1874) pp. 347-152. 

18 Warren Upham: Unpublished manuscript, dated 1883, referred to by Hall and 
Sardeson, Bull. Geol. Soc. Am., vol. 3 (1892) pp. 335 and 341. 

1 N. H. Winchell: Minnesota Geol. and Nat. Hist. Survey, 14th Ann. Rept. (1886) 
pp. 825-337. 

137 Samuel Calvin: Geology of Allamakee County, Iowa Geol. Survey, vol. 4 (1895) 
pp. 58, 60. 

1238 C. D. Walcott: op. cit., pp. 354-356. 

1” W. H. Twenhofel and F. T. Thwaites: op. cit., pp. 628-630. 
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of post-Lodi pre-Oneota sandstone of the Tomah and the Sparta quad- 
rangles and added this to the Saint Lawrence, provisionally placing the 
upper 0-16 feet of this same sandstone in the Madison formation, and 
leaving in the Jordan only the 26-40 feet of sandstone lying between the 
Saint Lawrence and the questionable Madison. 

In 1923, Thwaites,*° anticipating the publication of Ulrich’s most 
recent classification, described a Jordan sandstone not more than 75 feet 
thick, not recognized east of Cross Plains, Wisconsin, younger than the 
Norwalk member of the Trempealeau formation and older than the Men- 
dota. Here again were the sandstones that directly overlie the Lodi taken 
from the Jordan. This use of the term, Jordan, was repeated by Ulrich ** 
in 1924 (Table IT). 

In 1925, Stauffer **? found that the type section of the Jordan consists 
of the beds Thwaites and Ulrich called Norwalk, and urged the retention 
of the original definition of the Jordan. Thwaites *** in 1927 favored the 
return to the old definition of the Jordan as denoting the sandstone above 
the Lodi and below the Oneota, including the Norwalk. 

Ockerman *** in 1929, assuming that the Madison sandstone in the 
Madison area is 39 feet thick and that the Jordan sandstone in the Sparta- 
Tomah area and at La Crosse is 26-40 feet thick, correlated these two 
formations on the basis of heavy minerals. He appears to have sampled 
three sections for distances of 30, 7, and 10 feet respectively down from 
the base of the Oneota in eastern Wisconsin and called them Madison, 
and two sections for distances of 25 and 21 feet respectively below the 
base of the Oneota in western Wisconsin and called them Jordan. As the 
upper parts of the western Wisconsin sections had earlier been tentatively 
assigned to the Madison by Twenhofel and Thwaites, it is not clear 
whether Ockerman correlated the whole of the Madison of eastern Wis- 
consin with the doubtful Madison and the upper part of Ulrich’s Jordan 
in western Wisconsin or with the whole of Ulrich’s Jordan. In any 
case, he did not correlate the Madison of Wisconsin with the Jordan of 
Minnesota. We believe, however, that this latter correlation is essentially 


correct. 


wf, T. Thwaites: Paleozoic rocks found in deep wells in Wisconsin and northern 
Illinois, Jour. Geol., vol. 31 (1923) p. 546. 

41 B, O. Ulrich: Notes on new names in table of formations and on physical evidence 
of breaks between Pal ic systems in Wisconsin, Trans. Wisconsin. Acad. Sci., Arts, 
and Letters, vol. 21 (1924) p. 83. 

usC, R. Stauffer: The Jordan Sandstone, Jour. Geol., vol. 838 (1925) pp. 699-713. 

us, T. Thwaites: Stratigraphy and geologic structure of northern Illinois, Illinois 
Geol. Survey, Rept. Investigations no. 13 (1927) pp. 24-25. 

14 J, W. Ockerman: Petrographic study of the Madison and Jordan sandstones of 
southern Wisconsin, Jour. Geol., vol. 88 (1930) pp. 846-353. 


Soc. Am., Vou. 45, 1934 


at 


64 TROWBRIDGE AND ATWATER—STRATIGRAPHIC PROBLEMS 


It is our opinion that the Jordan sandstone formation should continue 
to be recognized and should be defined to include the dominantly sandy 
beds between the Lodi and the Oneota. The formation would thus include 
the sandstones that overlie the Lodi at Jordan, Minnesota, the sandstone 
exposed on Van Oser Creek two or three miles north from Jordan, and the 
sandstone that underlies the Oneota at Ottawa, Kasota, Mankato, Merriam 
Junction, and elsewhere in the Minnesota Valley. All these sandstones 
have always been called Jordan. It also includes the Madison sandstone 
of Irving, with which it is properly correlated. In western Wisconsin 
it includes the “Quarry Rock” (70 feet thick), Jordan (26-40 feet thick), 
and doubtful Madison (0-16 feet thick) of Twenhofel and Thwaites, and 
the Norwalk (50 feet thick) and the Jordan (75 feet thick) of Ulrich. 
On the Saint Croix it consists of 90-100 feet of sandstone above the Lodi 
and under the Oneota, as at Stillwater, Afton, the Soo drawbridge, and 
elsewhere. Along the Mississippi River, it is exposed abundantly from 
Hastings, Minnesota, to MacGregor, Iowa (a distance of 150 miles by 
river), invariably overlying the Lodi and underlying the Oneota. 

Along the Mississippi River, beds of sandy dolomite alternate with 
beds of sandstone at and near the top of the formation. These are the 
“beds of passage” of Calvin,*® and resemble the strata quarried in the 
upper part of the Madison at Madison. 

Subdivision of the Jordan sandstone formation into members is diffi- 
cult. The beds exposed at Jordan, probably equivaient to the Quarry Rock 
of Twenhofel and Thwaites and the Norwalk of Ulrich, are somewhat 
different from the rock on Van Oser Creek that is probably equivalent 
to the Jordan of these authors. The upper dolomitic beds along the 
Mississippi River and the quarries at Madison are distinguishable from 
the rest of the formation. Hence, in some places the formation might 
be divisible into three members. The lowermost of these members might 
be called Norwalk, and the next higher one Van Oser or Van Oser Creek, 
but no name has been suggested that would be suitable for the uppermost 
member. The name, Madison, would not apply, for, unless we are mis- 
taken, the 39 feet of Madison at Madison is equivalent to the whole 
Jordan formation elsewhere. There is no section known in which all 
three of these members can be recognized and definitely separated. Except 
along Minnesota and Saint Croix rivers, the uppermost member is present 
in most exposed sections, but practically nowhere is there a definite plane 
of separation from the middle member. In only a small percentage of 
all the sections studied can lower and middle members be separated, and 


1445 Samuel Calvin: Geology of Allamakee County, Iowa Geol. Survey, vol. 4 (1895) 
p. 58. 
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even in these we are not sure that the selected plane of separation is the 
same that would be chosen by others. The Norwalk was separated from 
the rest of the Jordan by Ulrich on the ground that Upper Cambrian 
fossils were found to the top of the Norwalk but not higher. Stauffer, 
however, found no definite upper limit to these fossils within the sand- 
stone. Recently it has been stated that certain “Cambrian-like linguloid 
brachiopods” extend to the very base of the Oneota on Minnesota River.*** 
On the whole, it seems best to leave the Jordan undivided, at least for the 
present. Even though the three members are vaguely recognizable, the 
wisdom of assigning names to them at this time seems doubtful. 


ONEOTA-SHAKOPEE PROBLEM 


Dolomite and sandstone beds between the Jordan and the St. Peter 
sandstones have been referred to as the Lower Magnesian series by some 
writers and as the Prairie du Chien group, or formation, by others. In 
most of the sections in which great thicknesses of these rocks are exposed, 
beds or lenses of sandstone separate the dolomite into two parts. It has 
been the general practice to call the dolomite between the Jordan and 
these younger sandstones, Oneota; the sandstones themselves, New Rich- 
mond; and the dolomite between the New Richmond and the St. Peter, 
Shakopee. The classification and nomenclature of these beds have had 
complex histories and at the present time constitute one of the most 
important and difficult problems in Mississippi Valley stratigraphy. 

Owen 747 described these beds under the term, Lower Magnesian lime- 
stone, and correctly related them to the underlying and overlying sand- 
stones. Shumard,’** in the same volume, definitely excluded from this 
limestone the Jordan and the Saint Lawrence beds. In the first report of 
the Wisconsin Geological Survey in 1854 the same term was similarly 
used by Daniels,’*® and this usage was followed by Irving **° and by Cham- 
berlin.** The varying thickness of the dolomite was correctly ascribed 
to an erosional interval separating the Lower Magnesian from the 
St. Peter sandstone. 

When Winchell **? named the Shakopee in 1874, he understood that 


eC, R. Stauffer: Personal communication to C. W. Couser. 

47D, D. Owen: Report of a geological survey of Wisconsin, Iowa, and Minnesota, 
Lippincott, Grambo & Co. (1852) pp. 58-69. 

148 Op. cit., pp. 498-503. 

9K. Daniels: First annual report on the geological survey of the State of Wisconsin 
(1854) p. 17. 

0 R. D. Irving: Geology of Wisconsin, vol. 2 (1877) pp. 547-555. 

151 T, C. Chamberlin: Geology of Wisconsin, vol. 2 (1877) pp. 268-285. 

43.N. H. Winchell: Minnesota Geol. and Nat. Hist. Survey, 2d Ann. Rept. (1874) 
pp. 138-147. 
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the magnesian limestone exposed at Shakopee directly overlies the Jordan 
sandstone and underlies the St. Peter, but he placed the Shakopee forma- 
tion in the upper part of his Lower Magnesian series by assigning the 
Jordan to the middle part and the Saint Lawrence to the lower. At 
Winona and elsewhere along the Mississippi he had seen sections in which 
the New Richmond sandstone is thick, and mistook the New Richmond 
for Jordan and the underlying Oneota for Saint Lawrence. Thus, he 
called Shakopee the beds that directly overlie the Jordan sandstone at 
Shakopee, Ottawa, Mankato, and elsewhere in the Minnesota Valley and 
the beds that directly overlie the New Richmond in southeastern Minne- 
sota. In the third, fourth, fifth, and later annual reports and in the 
first final report these errors in correlation were repeated frequently, 
Winchell at times describing true Jordan sandstone and Saint Lawrence 
beds under their correct names, and at times applying those names to the 
Oneota and the New Richmond horizons. 

In 1882, Wooster *** applied the term, Willow River beds, to the upper 
part of the Lower Magnesian. He named the sandstone between these 
layers and the main body of Lower Magnesian the New Richmond beds, 
recognized their lenticular nature, and reported their absence in some 
localities. 

By 1886, Winchell *** had seen sections at Preston and Lanesboro in 
Fillmore County, had restudied sections at Winona, Hastings, and other 
places along the Mississippi, knew of Wooster’s classification on Willow 
River in Wisconsin, and realized that the Lower Magnesian dolomites 
are separated, not by the Jordan sandstone, but by the New Richmond 
sandstone. However, he correlated the beds exposed at Shakopee with 
the beds above the New Richmond along the Mississippi and the Willow 
rivers, mentioned some wells which, according to Upham, indicated that 
there were thick beds of dolomite beneath the exposed beds at Shakopee 
and above the Jordan, and gave ** the following as occurring at Shakopee 
and throughout this general area: 


1. Drift and Trenton and Saint Peter Feet 
4, Magnesian limestone 75-175 


181, C. Wooster: Geology of the lower Saint Croix district, Geology of Wisconsin, 
vol. 4 (1882) pp. 106, 123-129. 

13% N. H. Winchell: Minnesota Geol. and Nat. Hist. Survey, 14th Ann. Rept. (1886) 
pp. 325-337. 

185 Op. cit., fig. 10, p. 334. 
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It is clear that in 1888, Winchell *** believed the beds exposed at 
Shakopee to be underlain by New Richmond sandstone and below this 
by 75-100 feet of magnesian limestone with Jordan sandstone beneath. 

McGee 257 in 1891 introduced the term, Oneota, for the beds Winchell 
had called Main Body of Limestone. He erroneously believed the New 
Richmond and the Shakopee beds to be represented in Iowa by the basal 
part of the St. Peter sandstone. 

In 1892, Hall and Sardeson *** credited Tohans, in an unpublished 
manuscript of 1883, with reporting the existence at St. Paul of a sandstone 
layer, 20 feet thick, within the dolomite there classified as Shakopee by 
Winchell. Upham classified the beds in descending order: 


5. Shakopee A limestone 

4. Elevator B sandstone 

8. Shakopee B limestone 

2. Jordan sandstone 

1. Saint Lawrence limestone 


It was this manuscript that led to Winchell’s reclassification of the 
section in 1886. 

In 1895, Hall and Sardeson **® reviewed the then existing literature 
and classified the beds in question. They recognized Oneota, New Rich- 
mond, and Shakopee as divisions of the beds between the Jordan and the 
St. Peter sandstones. Three identified fossil genera and species and nine 
questionable species of as many genera were listed as “faunal characters” 
of the Oneota. The New Richmond was said to be unfossiliferous. A 
well-defined fauna, consisting of Murchisonia, Raphistoma, Subulites, 
and a few specimens of Hndoceras and Litnites, was said to characterize 
the Shakopee, and a “faunal break” was reported between the Shakopee 
and the Oneota.*®° Also in 1896, Sardeson ** stated that the Oneota con- 
tains fossil species that occur also in the Jordan and the Saint Lawrence 
and that “the Shakopee has a fauna consisting of species of mollusca, 
all of which are peculiar to that formation.” 

In 1906, Bain *** recognized the Oneota dolomite (about 200 feet 


6 N. H. Winchell: Geology of Minnesota, Final Rept., vol. 2 (1888) p. xxi, fig. 1. 

37 W J McGee: Pleistocene history of northeastern Iowa, U. S. Geol. Survey, 11th 
Ann. Rept., pt. 1 (1891) pp. 331-333. 

u8C, W. Hall and F. W. Sardeson: Paleozoic formations of southeastern Minnesota, 
Bull. Geol. Soc. Am., vol. 3 (1892) p. 341. 

159 C, W. Hall and F. W. Sardeson: Magnesian series of the northwestern States, 
Bull. Geol. Soc. Am., vol. 6 (1895) pp. 177-181. 

10 Op, cit., p. 170. 

1 F, W. Sardeson: Fauna of the Magnesian series, Bull. Minnesota Acad. Nat. Sci., 
vol. 4 (1896) p. 93. 

12H. F. Bain: Zine and lead deposits of the upper Mississippi Valley, U. S. Geol. 
Survey Bull. 294 (1906) pp. 17-19. 
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thick), the New Richmond sandstone (10-40 feet thick), and the Shako- 
pee dolomite (50 feet thick), as divisions of the Prairie du Chien forma- 
tion. This is the first mention of the name, Prairie du Chien. 

In 1907, Grant and Burchard,’®* following Bain, used the name, Prairie 
du Chien formation, for the dolomite and interbedded sandstone between 
the Jordan and the St. Peter sandstones, and drew the Cambro-Ordovi- 
cian contact at its base. 

In 1911, Hall, Meinzer, and Fuller,’** and in 1912, Norton and others ** 
published the classification of the United States Geological Survey com- 
mittee on geologic names, in which the term, Prairie du Chien, was used, 
but raised to a superformation standing, making Shakopee, New Rich- 
mond, and Oneota formational terms. In these papers, however, there 
are inconsistencies in this use of the term, for the writers found it in 
many cases more convenient to use the name, Prairie du Chien, in a 
formational sense as a term equivalent to Jordan, St. Peter, Platteville, 
and other formations. The divisions of the Prairie du Chien were found 
to be unrecognizable units unless the New Richmond sands were present. 
However, the use of the term, Prairie du Chien, for a group has been fol- 
lowed in recent reports by the Illinois *** and the Wisconsin (Table IIT) 
Geological Surveys, and the formational classification of the Oneota and 
Shakopee by the Iowa (Table IV) and the Minnesota (Table I) Surveys. 

Ulrich **? in 1911 placed the Oneota, the New Richmond, and the 
Shakopee in his proposed Ozarkian system. He considered the New Rich- 
mond as an introductory clastic phase of the Shakopee, and placed both 
in one formation. On the basis of somewhat meagre faunas he corre- 
lated the upper part of the Oneota with the Gasconade of Missouri, and 
stated that the Shakopee is probably younger than the Roubidoux of 
Missouri and may locally contain a Canadian fauna in its upper portion. 
The inference was that the Roubidoux of Missouri is missing between 
the Oneota and the Shakopee in the upper Mississippi Valley and that 
there is an unconformity at this horizon in Minnesota, Wisconsin, and 
Iowa. In 1914, through Walcott,’** Ulrich moved the Shakopee up 


168 J. S. Grant and E. F. Burchard: Lancaster-Mineral Point Folio, Wisconsin-Iowa- 
Illinois, no. 145, U. S. Geol. Survey (1907) p. 3 

14 C. W. Hall, O. E. Meinzer, and M. L. Fuller: op. cit., pp. 45-47. 

16 W. H. Norton and others: Underground water resources of Iowa, U. S. Geol. Survey 
Water Supply Pap. 293 (1912) pp. 68-70. 

16. T. Thwaites: Stratigraphy and geologic structure of northern Illinois, Illinois 
Geol. Survey, Rept. Investigations no. 13 (1927) Table I and pp. 21-24. 

167K, O. Ulrich: Revision of the Pal ic systems, Bull. Geol. Soc. Am., vol. 22 
(1911) pl. 27, pp. 640-641. 
18 C, D. Walcott: op. cit., p. 354. 
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into his proposed Canadian system, thus recognizing a systemic break 
between the Oneota and the Shakopee. 

In 1919, Twenhofel and Thwaites *® described 170 feet of dolomite 
above the Jordan as the Oneota formation. 

In 1923, Thwaites ‘7° wrote of these beds as the Lower Magnesian group, 
and quoted Ulrich’s classification of the Oneota in the Ozarkian and the 
Shakopee in the Canadian, but was unable to recognize and separate the 
two formations and systems in the wells of Wisconsin and Illinois. 

As late as 1924, Sardeson *"* apparently thought the beds exposed at 
Shakopee were underlain by the Oneota dolomite in its usual thickness and 
occur in the same stratigraphic position as the upper dolomite beds near 
Burkhardt and New Richmond in Wisconsin. He stated that the fossils 
that constitute a large part of the Shakopee fauna were collected from 
the dump of an old quarry west of the station at Shakopee and from 
beneath a sandstone layer that occurred about in the middle of the face 
of this quarry. 

The most important statement in print concerning the stratigraphy 
of the Oneota and the Shakopee beds was published by Ulrich **? in 1924. 
The Oneota was classified as Upper Ozarkian and the Shakopee as Upper 
Canadian, the Lower and Middle Canadian series being considered to 
be missing between them (Table II). Both physical and paleonto- 
logical evidences were given for this classification. Sandstones that had 
been called New Richmond were described as discontinuous layers, or 
lenses, occurring at different horizons in both the Oneota and the Shako- 
pee in many sections and not found at all in other sections. The Oneota 
and the Shakopee were reported to be separated locally by a bed of sand- 
stone but it was also noted that sandstone beds within the dolomite do 
not constitute reliable markers between the Oneota and the Shakopee dolo- 
mites. The Oneota is said to be absent at Jordan and other places in 
the Minnesota Valley, probably because of non-deposition. The inference 
is that in these places the Shakopee lies unconformably on the Jordan 
sandstone. The reference to the section at Jordan must be a mistake, 
for at this place glacial drift lies unconformably on the lower beds of 
the Jordan sandstone, and all younger beds have been removed by pre- 


10 W. H. Twenhofel and F. T. Thwaites: op. cit., pp. 630-632. 

10K, T. Thwaites: Paleozoic rocks found in deep wells in Wisconsin and northern 
Illinois, Jour. Geol., vol. 31 (1923) pp. 542-544. 

mF, W. Sardeson: Type outcrops of Minnesota River valley, Pan-Am. Geologist, 
vol. 41 (1924) pp. 113-115. 

172. O. Ulrich: Notes on new names in table of Paleozoic formations in Wisconsin, 
Trans. Wisconsin Acad. Sci., Arts, and Letters, vol. 21 (1924) pp. 83, 100-104. 
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glacial or glacial erosion. To the Oneota is assigned a thickness of 0-200 
feet and to the Shakopee a thickness of 70 feet. The statement is made 
that “the Shakopee is unquestionably distinguishable from the Oneota 
dolomite throughout their extent in the upper Mississippi Valley” +**; 
and that “where both of the dolomitic formations are present and clearly 
exposed it has usually been found possible to point out precisely the plane 
of contact. But the contact zone is a very likely one to be affected and 
correspondingly obscured by secondary dolomitization. In such unfavor- 
able places the boundary was located only approximately though with 
more time at our disposal than was available better results might well 
be expected.” ?"* The only section specifically cited in which the con- 
tact had been located exactly on physical evidence is at Stillwater, Min- 
nesota, where the Oneota is said to be 60 feet thick and to be overlain 
by 50 feet of Shakopee, with no sandstone between. 

The evidences given for unconformability are: (1) that the Oneota 
at Stillwater is only 60 feet thick, whereas it is 150 feet thick at Prairie 
du Chien, Wisconsin, and 100 feet thick at Dresbach, Minnesota; (2) 
that a zone of fossiliferous chert, occurring in the upper part of the 
Oneota at and south of Trempealeau, is missing at Stillwater; (3) that 
the plane of contact is irregular in contour by the amount of a foot or 
more, and cuts across sedimentary planes in distances of less than 10 feet ; 
and (4) that there are on the contact one to three inches of conglomerate, 
with limestone and chert pebbles in a sandy and glauconitic matrix. On 
paleontological grounds, the Oneota was again correlated with the Gas- 
conade of Missouri; the Shakopee, which was said in 1911 to be younger 
than Roubidoux, was now correlated with the Powell of northern Arkan- 
sas; and the Roubidoux, the Jefferson City, and the Cotter formations 
that occur in Missouri were concluded to be missing in the upper Mis- 
sissippi Valley. Also, beds to a maximum thickness of 4500 feet in Vir- 
ginia, Tennessee, and Pennsylvania were said to be missing between the 
Oneota and the Shakopee in Wisconsin. Ulrich concludes: “. . . even 
in the thickest Appalachian sections the physical evidence of the break 
between the Canadian and the Ozarkian systems appears quite as dis- 
tinct and impressive as it is in Minnesota and Wisconsin between the 
Shakopee and Oneota dolomites.” 17° 

Some of the published ideas, as outlined above, will bear discussion. 
The term, Shakopee, was originally applied by Winchell to dolomite 
beds which he believed to overlie directly the Jordan sandstone. In spite 


178 Op. cit., p. 100. 
1% Op. cit., p. 101. 
1% Op. cit., p. 103. 


Be 
= 


ONEOTO —SHAKOPEE PROBLEM 71 


of later recognition of his error in confusing the Saint Lawrence-Jordan 
with the Oneota-New Richmond sequence, he decided that the beds at 
the type locality at Shakopee were, in reality, underlain by a thick mass 
of Oneota beds, and he therefore favored the retention of the term, Shako- 
pee, for the upper part of the Lower Magnesian. This same idea seems 
to have been held by Sardeson, and so far as the literature is concerned 
it still stands. However, recent work by Trowbridge and by Couser *** 
at the type locality shows that this is not true. The top of the Jordan 
sandstone is only a few feet beneath the lowest exposed beds of dolomite. 
Sardeson’s Shakopee fossils came from a bed 56 feet above the top of 
the Jordan. At Minneapolis,’** 20 miles to the northeast, there are 90 
feet of Oneota between the New Richmond and the Jordan; at Mankato, 
50 miles to the southwest, 60 feet; and at Lanesboro and Preston, 100 
miles to the southeast, 150 feet. If projected from these places to Shako- 
pee, the New Richmond would overlie the dolomite beds which constitute 
the type section of the Shakopee. Neither in the field nor in the labora- 
tory has any physical or mineralogical character been discovered by 
which this dolomite can be distinguished from the Oneota dolomite else- 
where. In other words, the dolomite at Shakopee has the stratigraphic 
position of the Oneota and can not be distinguished from it petrographi- 
cally. It would be an extremely fortunate coincidence if at Shakopee 
the Oneota were missing and much younger Shakopee beds lay on the 
Jordan. This would mean that in spite of Winchell’s admitted mistake 
in identifying horizons of the Lower Magnesian, he had accidentally 
chosen as a type section for the Shakopee the one locality in which the 
upper beds rest on the Jordan. If the beds exposed at Shakopee are not 
in reality Oneota, evidence to the contrary is paleontological. If the 
term, Shakopee, is to be retained for the uppermost portion of the Prairie 
du Chien, it should be recognized that the outcrops at Shakopee may 
not be included in it. If it should prove true that the beds at Shakopee 
belong in the lower part of the dolomite rather than in the upper part, 
the term, Shakopee, could not properly be applied to the upper part of 
the Prairie du Chien. In that case it might be advisable to discard the 
term, Shakopee, and return to the usage of Wooster, who called the beds 
above the New Richmond sandstones near Burkhardt, Wisconsin, the 
Willow River beds (p. 66). However, Wooster’s name for these beds 
has not come into general use, and the Oneota is much thicker and more 


17%6C, W. Couser: Stratigraphy and structure in the Minnesota River valley, unfinished 


doctor’s thesis, University of Iowa. 
17 F, W. Sardeson: Description of the Minneapolis and Saint Paul District, U. 8S. 
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conspicuous in the section along Willow River than are these younger 
beds. On the whole, it seems best to continue to use the term, Shako- 
pee, for these younger dolomites and sandstones, at least until the age 
of the beds at Shakopee is conclusively determined. 

The section at Stillwater has been studied with particular care by 
Trowbridge and by Clement.*”® There seems to be no better evidence of 
a great unconformity at the plane selected by Ulrich to separate his 
Upper Ozarkian Oneota from his Upper Canadian Shakopee than at 
many other higher and lower horizons in this and numerous other sec- 
tions studied. Both the Oneota and the Shakopee contain numerous 
Cryptozoan reefs, and many of them were truncated before being buried 
beneath slightly younger dolomitic sediments. In some places New 
Richmond sandstone lenses fill the depressions among these reefs. There 
are also numerous diastems at different horizons within the dolomite, 
probably representing submarine erosion and deposition. In an excel- 
lent section along Willow River at Burkhardt, Wisconsin, less than ten 
miles from Stillwater, redescribed by Powers,’"® 110-130 feet of Oneota 
dolomite are overlain by two thin layers of New Richmond sandstone 
with a 3-foot layer of dolomite between them, and these beds are in turn 
overlain by 50 feet of Shakopee dolomite. Comparison of this section 
with that at Stillwater suggests that all of the beds above the Jordan 
exposed at Stillwater, to a total thickness of 110 feet, belong in the 
Oneota. The absence at Stillwater and in the Willow River section of 
a fossiliferous chert zone that occurs at Prairie du Chien, 169 miles away, 
and at Dresbach, 110 miles away, seems not to prove the presence of a 
great break within the dolomite at Stillwater, for the bedding in the 
dolomite is notably irregular and no such zones persist over such wide 
areas. 

We find no “distinct and impressive” physical break at any one horizon 
within the post-Jordan—pre-St. Peter dolomite. It does not seem to 
us possible to separate the Oneota from the Shakopee with certainty 
except where the New Richmond lenses occur. The Oneota and the 
Shakopee are not mappable units; at least, no one so far has succeeded 
in mapping them separately. We conclude, therefore, that for the pres- 
ent, at least, these dolomites should be considered as a formation, called 
the Prairie du Chien, and that the Oneota, the New Richmond, and the 
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Shakopee, where recognizable, be considered as members of this forma- 
tion. Recent work by Powers **° seems to show that although some varia- 
tion may occur in the stratigraphic position of the New Richmond beds, 
and although in some sections these sandstone beds appear to be missing, 
there are so many sections in which they do occur at about the same 
stratigraphic position that the New Richmond may properly be consid- 
ered as a member separating Oneota and Shakopee members. The 
New Richmond member is recognizable in the Prairie du Chien, Upper 
Iowa River (Oneota River), Dresbach, Preston, Lanesboro, Mankato, 
and Willow River sections. It is represented throughout most of north- 
eastern Iowa and southeastern Minnesota by definite sandstone beds or 
by alternating sandstone and dolomite beds which vary in thickness from 
4 to 45 feet. Laboratory studies indicate that in sections where the New 
Richmond sandstone occurs there is complete mineralogic gradation from 
Oneota to New Richmond and from New Richmond to Shakopee and that 
the mineral composition of upper Oneota and lower Shakopee beds is 
nearly identical.*** Where the New Richmond sandstone is said to be 
absent, as in sections near Lansing, Iowa, and at and near Hastings, 
Minnesota, it is possible to find reef structures in dolomite beveled by 
younger horizontal beds of dolomite, and lenses or pockets of sandstone 
among the reefs. 

It is recognized, however, that the physical evidence as stated above, even 
if correct, is still in opposition to the paleontological evidence adduced 
by Sardeson and by Ulrich. It is highly desirable that Oneota and 
Shakopee faunas and Ozark and Appalachian faunas, with which they 
are compared and contrasted, should be described and figured, - that 
points of similarity and of difference can be clearly indicat: It is 
hoped that Ulrich and his assistants will find time to dot’ . L. H. 
Powell,1®? now of the St. Paul Institute, is engaged in describing the 
Oneota fauna in Minnesota. He started, however, by defining the Oneota 
as the dolomite between the Jordan and the New Richmond sandstones, 
and it is doubtful if his Oneota is in all cases the same as the Oneota of 
Ulrich. 

PROBLEMS OF STRATIGRAPHIC BREAKS 

It has generally been considered that there is a great unconformity 

separating the Upper Cambrian from the pre-Cambrian represented by 


10 B, H. Powers: The Prairie du Chien problem, unfinished doctor’s thesis, University 
of Iowa. 
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28 Personal communication. 
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the Keweenawan. The work of Thwaites, Stauffer, and others cast some 
doubt on this conclusion. As explained on pages 35-38, it appears that 
there may or may not be an important break between the Hinckley as 
exposed at Hinckley and the Mount Simon as exposed in Wisconsin and 
as recorded in wells in Minnesota, and that the problem can be solved 
only as the result of work yet to be done. 

There is no evidence of any important break within the Dresbach 
formation as defined above. 

Ulrich *** considered that the upper part of the Dresbach was reworked 
in the making of the Ironton and that an unconformity exists between the 
Dresbach and the Franconia formations. The evidence as presented appears 
to be valid, but in some places, as, for instance, at Dresbach, Minnesota," 
it is difficult to separate the two formations. Graham ** states: “The 
relationship between the Dresbach and Franconia is one of general con- 
formity. No break in sedimentation is indicated in the analyses.” On 
the other hand, Pentland *** found mineralogic differences between the 
Franconia and the Dresbach sandstones in Wisconsin. In our opinion, 
this break is nowhere a great one, and in some places there may well be 
no break at all. We doubt that there was any general emergence, a long 
period of erosion, and submergence beneath a much younger sea. How- 
ever, the lithologic, stratigraphic, and faunal break at this horizon is 
considered to be a good interformational marker. 

There are numerous diastems within the Franconia formation, but no 
evidence of actual unconformability has been presented. 

Some evidence of unconformability between the Franconia and the 
Saint Lawrence formations has been presented by Twenhofel and 
Thwaites,’*’ but Winchell *** mentioned the gradation of the Saint Law- 
rence into the underlying beds along the Minnesota River, and Hall, 
Meinzer, and Fuller,1*® Norton,’ and others did not place the Saint Law- 
rence and the Franconia beds in separate formations. Ulrich believes 
that the Mazomanie is missing between the Franconia and the Saint Law- 


18 EB. O. Ulrich: Notes on new names in table of formations and on physical evidence 
of breaks between Paleozoic systems in Wisconsin, Trans. Wisconsin Acad. Sci., Arts, 
and Letters, vol. 21 (1924) p. 91. 

1% Eunice Peterson: op. cit., pp. 31-33. 
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18 Arthur Pentland: op. cit., p. 32. 
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Final Rept., vol. 2 (1888) p. xxii. 
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rence in western and northern Wisconsin, and in Iowa and Minnesota 
(p. 47) and would logically recognize a considerable unconformity at the 
base of the Saint Lawrence over a wide area. Graham described flat 
pebble conglomerates at the base and the top of the Saint Lawrence and 
concluded that this formation is set off from older and younger beds by 
diastems. We are familiar with all this evidence and consider that a 
real unconformity between the Saint Lawrence and the Franconia forma- 
tions remains to be proved. There is, however, a formational break at 
this horizon. 

Belief in an important unconformity separating Cambrian and Ordovi- 
cian systems or Cambrian and Ozarkian systems has been persistent and 
general—partly on the assumption that the Mendota is missing between 
Jordan and Madison in certain sections near Madison (see pp. 51-56) 
and that the Mendota and most, or all, of the Madison are missing be- 
tween the Jordan and the Oneota in western Wisconsin and eastern Iowa 
and Minnesota; partly on the assumption that certain conglomeratic beds 
between Jordan sandstone and Oneota dolomite in many exposures along 
the Mississippi River and true basal conglomerates; and partly on the as- 
sumption that there are about equally important faunal breaks between 
the Oneota and the Jordan, the Mendota and the Jordan, the Madison 
and the Jordan, or the Devil’s Lake and the Jordan. Believing as we do 
that the Mendota and the Madison are equivalent to the Saint Lawrence 
and the Jordan respectively, we do not agree that there are beds missing 
between the Jordan and the Oneota over most of the upper Mississippi 
Valley. The conglomeratic beds at the base of the Oneota along the Mis- 
sissippi River may have had the same origin as those that are so common 
in the Franconia and in the Jordan ** or as those at the base and the top 
of the Saint Lawrence. If so, they may record a diastem rather than an 
unconformity. We have studied these conglomerates in many places, 
and Boyle '** gave them special attention. In our opinion, they are not 
basal conglomerates of the usual sort and do not prove general uncon- 
formability. If the Mendota and the Saint Lawrence formations are the 
same and the Madison and Jordan formations are the same—and we be- 
lieve that this is true—and if Mendota and Madison faunas are so simi- 
lar to Oneota fauna that these three faunas constitute an Ozarkian fauna, 
as contended by Ulrich, there can be no great faunal break between the 


11 W. A. P. Graham: Teztural and petrographic study of the Cambrian sandstones of 
Minnesota, Jour. Geol., vol. 38 (1930) pp. 702-703. 

28 C, R. Stauffer: The Jordan sandstone, Jour. Geol., vol. 88 (1925) p. 708. 

18H, L. Boyle: Structure and stratigraphy in the Chippewa River valley between 
Nelson and Durand, Wisconsin, unpublished master’s thesis, University of Iowa library 


(1932) pp. 84-85. 
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Oneota and the Jordan, as these formations are defined in the present 
paper. It should be remembered, also, that Sardeson*** emphasized 
the similarities among Saint Lawrence, Jordan, and Oneota faunas. 
Practically everywhere along the Mississippi River between Red Wing and 
MacGregor there are alternating beds of sandstone and dolomite between 
typical Jordan sandstone and typical Oneota dolomite, and this same 
condition exists between Madison (Jordan) sandstone and Oneota dolo- 
mite at Madison. These “beds of passage” suggest conformability at this 
horizon. It is true that the dolomitic layers may be due to leaching of 
dolomite from the Oneota and reprecipitation of it in the sandstones 
beneath, and not to alternation of original deposition. Indeed, it is 
clear that some such process has taken place. It is somewhat difficult 
to understand, however, why only certain alternating beds of sandstone 
should have been selected to receive such secondary dolomite. These 
alternating dolomite and sandstone beds are entirely missing along the 
Minnesota and Saint Croix rivers. Also, the surface of the Jordan is 
irregular, and in the Saint Croix area there is a well-defined boulder basal 
conglomerate in the Oneota. Near St. Peter, Ottawa, and Mankato in 
the valley of Minnesota River the dolomite is directly underlain by 
a peculiar silt or clay which was thought long ago to be Cretaceous mate- 
rial sunk down through crevices and solution holes in the dolomite but 
which has now been proved by Graham ** to be in position below the 
dolomite. Beneath the silt and clay is a coarse sand containing fossil 
gastropods that resemble those of the overlying dolomite. Recently, 
brachiopods, resembling those in the Cambrian beneath, have been found 
in the silt and clay.1% It appears likely that the sandstone was washed 
out of the underlying Jordan and deposited in the early Oneota sea. The 
silt and clay must have had a more distant source. The fact that Oneota- 
like gastropods underlie Cambrian-like brachiopods suggests, however, 
that there is not a great break between the Jordan and the Oneota in 
this locality. 

All these conditions indicate that there is at least some degree of un- 
conformability between the Oneota and the Jordan in the Minnesota River 
and the Saint Croix River areas. The almost complete absence of this 
same evidence of unconformability elsewhere, on the other hand, adds 
weight to the suggestion that the two formations are conformable except 
in the Minnesota and the Saint Croix valleys. The fact that the sand- 


14 F, W. Sardeson: Fauna of the Magnesian series, Bull. Minnesota Acad. Nat. Sci., 
vol. 4 (1896) pp. 92-105. 

26 W. A. P. Graham: Personal communication to A. C. Trowbridge. 

16 C, R. Stauffer: Personal communication to C. W. Couser. 
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stone has not been dolomitized from above along the Saint Croix and the 
Minnesota rivers suggests that the “beds of passage” farther south did 
not originate entirely by this method. The fact that the Jordan sand- 
stone varies only slightly in thickness throughout the upper Mississippi 
Valley also suggests that there is no great unconformity at its top. 

On the whole, we conclude that there is a small unconformity at the 
base of the Oneota in the northern part of the area under discussion but 
only local and slight unconformity, if any, in the rest of the area. Gra- 
ham **? presents evidence for the existence of a small unconformity 
or a large diastem between the Jordan and the Oneota in Minnesota. 

If the beds of this area were being classified for the first time, inde- 
pendently of earlier classifications of equivalent beds elsewhere, or if an 
ideally natural classification were being sought, based on either strati- 
graphic or faunal breaks, the plane separating the Jordan and the Oneota 
would hardly be considered as a proper systemic break, and neither the 
Cambrian and Ozarkian nor the Cambrian and Ordovician systems would 
probably be separated at this horizon. 

As explained on pages 72 and 73, we consider that, thus far, evidence 
is lacking for any considerable break within the Prairie du Chien forma- 
tion. There are numerous minor breaks both in the Oneota and in the 
Shakopee, but unless paleontological evidence proves conclusive to the 
contrary, we consider not only that there is no systemic break between the 
Oneota and the Shakopee, but that there may not be even a formational 
break there. 

It has long been known that there is an important unconformity at 
the base of the St. Peter sandstone. So much has been written about 
it and so conclusive is the evidence that it can be stated confidently that 
this break exists and that it is an important one. The only known local- 
ity in the upper Mississippi Valley in which the St. Peter and the Prairie 
du Chien formations may be conformable is along the Willow River above 
Burkhardt, Wisconsin.*** The magnitude and the wide distribution of 
this break make it exceptionally important as a basis of classification. 
Ulrich separates his Canadian and Ordovician systems at this horizon. 
Believing, as we do, that there is no great stratigraphic break between 
the Jordan and the Oneota or between the Oneota and the Shakopee, and 
that the break between the Prairie du Chien and the St. Peter is properly 
of intersystem rank, it would be logical and consistent to propose that 


17 W, A. P. Graham: Petrology of the Cambrian-Ordovician contact in Minnesota, 
Jour. Geol., vol. 41 (1933) pp. 468-486. 

1988 H, H. Powers: Paleozoic stratigraphy and structure in the valieys of Willow and 
Apple Rivers, Wisconsin, unpublished thesis, University of Iowa library (1932) p. 100. 
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the Prairie du Chien formation be included within the Cambrian sys- 
tem, and that, therefore, the Prairie du Chien-St. Peter unconformity 
be considered to mark the plane between Cambrian and Ordovician sys- 
tems. If such a classification were proposed, the Prairie du Chien might 
be said to belong to the post-Saint Croixan Ozarkian series of the Cam- 
brian system. Some such suggestions as this have been made before for 
the upper Mississippi Valley ?®* and even for North America.2 Having 
inherited definitions of the Cambrian and the Ordovician systems from 
Great Britain, however, and definitions of the serial divisions of these 
systems from New York, and realizing that precise correlation of the 
Oneota and the Shakopee beds with strata in other parts of North America 
remains to be established, we consider the Prairie du Chien as the oldest 
Ordovician formation in the upper Mississippi Valley and continue to 
place the Cambrian-Ordovician plane of separation at its base (Table V). 

In short, not in the literature, nor in the field, nor in the laboratory 
have we been able so far to find conclusive evidence of important 
stratigraphic breaks at any horizons between the base of the Saint Croixan 
and the base of the St. Peter. The break at the base of the Saint Croixan 
may itself prove to be interserial rather than intersystemic. 


SUMMARY 


In general summary, a working classification is proposed (Table V). 
As far as possible, the formation names are used either in the orig- 
inal sense of the term or in the sense that represents common usage, 
and in all cases the principle of priority has been adhered to. Only one 
name (Galesville) is new, and even this is only of member rank and is 
tentatively suggested. It should be noted that the term, Potsdam, ap- 
pears neither in the table nor in any of the more recent classifications 
(Tables I to IV). This New York term was used by many of the early 
writers; by some, for the whole of the known Cambrian section, and by 
others, for parts of the Cambrian or for older rocks. No formational 
or serial correlation has been attempted between Wisconsin and New 
York. It is believed that the term, Potsdam, should continue to be con- 
sidered obsolete as far as the Mississippi Valley is concerned. 


1% A. C, Trowbridge: Prairie du Chien-St. Peter unconformity in Iowa, Proc. Iowa 
Acad. Sci., vol. 24 (1917) p. 182. 

2 Charles Schuchert: Paleogeography of North America, Bull. Geol. Soc. Am., vol. 20 
(1910) p. 606. 

L. V. Pirsson and Charles Schuchert: Tezt-book of geology, John Wiley and Sons, 


pt. 2 (1915) pp. 602-603. 
W. J. Miller: Introduction to historical geology. D. Van Nostrand Co., Inc. (1928) 


p. 69. 
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As stated at the outset, our attempt has been to clarify stratigraphic 


classification. 


The value of the classification proposed depends upon 


the degree to which it reduces confusion and misunderstanding and leads 
to clear thinking and writing by contemporary and future workers. 


Taste V.—Tentatively Proposed Classification for the Upper Mississippi Valley 


APPROXIMATE) 
Cincinnatian | Maquoketa Shale 150 
Galena Dolomite 240 
Mohawkian Decorah Shale, limestone 30 
Ordovician Platteville Limestone 40 
Chazyan St. Peter Sandstone 90 
| Unconfo|rmity 
Shakopee Dolomite 70 
Prairie du 
Chien New Richmond a 10 
Oneota Dolomite 150 
Local uxconformity 
Jordan Sandstone 100 
Siltstone, 
Lodi sandstone, 25 
shale, limestone 
St. Lawrence 
Black Earth Dolomite 12 
Unnamed (local) | Shale, limestone 6 
Cambrian St. Croizan — Local unconformity (?) 
Sandstone, 
Fr i eensand, 150 
| Ironton imestone, shale 
—— Local unconformity (?) 
Galesville (?) Sandstone 60 
Dresbach Eau Claire Sandstone, shale 200 
Mt. Simon Sandstone 200 
‘aucobian— 
Cambrian (1) } Acadian (?) Red Clastic 2000 + 
Keweenawan — 
Lava flows, 
Keweenawan sandstone, 40,000 (7) 
conglomerate 
Baraboo Quartzite, 
Huronian Sioux granite, slate; 
New Ulm iron formation 
(Relative positions unknown) 


We realize that there still is considerable difference of opinion on im- 


portant points. 


It has been our aim to bring these points out into the 


open, as problems to be solved rather than as controversies on which we 
have reached final conclusions. 


VI—Boutt. Grou. Soc. AM., Vou. 45, 1934 
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INTRODUCTION 


The Silurian strata of central Pennsylvania are excellently exposed 
along State Highway 22, on the north side of the Juniata River, opposite 
Mount Union, Pennsylvania. Good exposures of parts of the system can 
also be seen at several localities near Lewistown, 23 miles to the north- 
east. These combined sections display an almost complete 3000-foot se- 
quence of Silurian deposits in the area and exhibit a number of diagnostic 
zones of ostracodes and other fossils. From Mount Union to Lewistown 


* Manuscript received by the Secretary of the Society, April 6, 1933. 
+ Published by permission of the State Geologist of Pennsylvania. 
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Ficure 1.—Map showing geographic relations of the sections 


several of the formations undergo important lateral variations that are 
symptomatic of major changes occurring between western Maryland and 
eastern Pennsylvania. These two sections, accordingly, provide an ex- 
cellent basis for study of the Silurian rocks of the region, and their 
accessibility gives them added value for the visiting geologist. Further- 
more, they lie between the studied sections of western New York and of 
western Maryland and present additional data bearing on the correlation 
of the formations of those areas. 

The Silurian deposits of central Pennsylvania are closely related to 
those of western Maryland.’ As in that region, they comprise the fol- 
lowing formations: 

The measured sections near Mount Union and Lewistown, Pennsyl- 
vania, will be described, after which the lithology, fauna, and correlation 
of each of the Silurian formations will be discussed. 

The writer is greatly indebted to Dr. G. H. Ashley, State Geologist 


2C. K. Swartz et al.: Maryland Geol. Survey, Silurian (1923) pp. 25-51 et seq. 
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of Pennsylvania, for his support and encouragement, and to Dr. C. K. 
Swartz for criticism of the manuscript. 


Oriskany group 
Lower New Scotland limestone 


Devonian | Helderberg eroup|Coeymans limestone 
Keyser limestone 


Cayugan 


Wills Creek shale 


{Wile Cre limestone 
Bloomsburg red shale 


McKenzie shale and limestone 


Silurian Niagaran Rochester shale 
series Clinton group; Keefer sandstone 
Rose Hill shale 


Medinan Castanea sandstone, in Pennsylvania 
series Tuscarora sandstone 


nee wego sandstone, in Pennsylvania 
Ordovician | Martinsburg (Reedsville) shale 


* The Juniata and the Oswego formations are classified as Ordovician or Silurian by 
the Pennsylvania Topographic and Geologic Survey. 


DESCRIPTION OF SECTIONS 
SECTION AT MOUNT UNION 


Parts of all the local Silurian formations are exposed in the south- 
eastern limb of the Jacks Mountain anticline, on the north bank of the 
Juniata River. The base of the measured section is 1115 feet west of 
the bridge crossing the river to Mount Union, and this point is the zero 
of the traverse measurements. The traverse follows State Highway 22 
for 5747 feet to a point where the highway turns north, leaving the river, 
and then continues along the river bank to the upper part of the Tonolo- 
way, just west of some abandoned quarries in the Keyser limestone. The 
uppermost beds were measured directly. The magnetic bearings for the 
traverse are as follows: S. 80° E. to 450 feet, S. 68° E. to 553 feet, S. 
80° E. to 656 feet, S. 85° E. to 953 feet, N. 68° E. to 1915 feet, N. 88° 
E. to 2659 feet, N. 69° E. to 3393 feet, N. 80° E. to 3881 feet, S. 84° E. 
to 4192 feet, S. 69° E. to 5679 feet, S. 84° E. to 5747 feet, S. 36° E. to 
5958 feet, S. 53° E. to 6258 feet, S. 44° E. to 6458 feet, and S. 22° E. 
to end of traverse at 6648 feet. Occurrences of fossils are given in feet 
above base of the formation involved; culverts and other landmarks are 
given in feet of traverse. The letters aa, a, c, r, rr referring to fossils, 
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signify very abundant, abundant, common, rare, and very rare respec- 


tively. 


DEVONIAN: 
HELDERBERG GROUP: 
NEw ScoTLanp LIMESTONE: 
Concealed. 


Thin-bedded gray limestone, with much interbedded dark chert, 
on hill above old quarries along river bank. Schuchertella 
woolworthana (c), Spirifer macropleurus (c), 8. perlamel- 


Thick-bedded gray crystalline limestone, with some irregular 
chert nodules. Meristella arcuata (c). Faunas of overly- 
ing and underlying beds apparently absent here ..... Seewe 


CoEYMANS LIMESTONE: 
Thick-bedded grayish, somewhat crinoidal limestone, with occa- 
sional lenses of dark chert. Gypidula coeymanensis, small, 


KEYSER LIMESTONE: 
Hard dense laminated blue limestone ............-+eeeeeee oe 
Thick-bedded hard dense limestone, not lumpy ........ nana 


Thick-bedded, mostly hard, more or less lumpy limestone; beds 
73 to 58 feet more argillaceous, weathering greenish. Stro- 
matoporoides (c) 15-0, making reef 6-3; Cladopora recti- 
lineata (c) 72; Gypidula aff. G. coeymanensis, large for 
middle Keyser G. prognostica (c) 94-88; Camarotoechia 
gigantea (c) 63-58; Atrypa reticularis (a), large, 102-94, 
(a) 94-88, (c) 63-58; Merista typa (c) 63-58 ............ 


SILURIAN: 
ToNOLOWAY LIMESTONE: 

Hard dense, largely laminated blue limestone at west end of 
old quarries. Lenticular, in part oolitic cherts at 792 and 
788 feet. This chert zone is also seen in the quarries at 
Mapleton, west of Mount Union. Limestone medium-bedded, 
impure, 782 to 775 feet, the middle 244 feet lumpy, similar 
to the lumpy beds of the lower Keyser; some stromato- 
poroides 780 to 775 feet. Bedding surface at 770 feet 
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Thickness, 
feet 
Bed Total 
3 16 
10 13 
3 3 
10 10 
5 160 
12 155 
16 143 
25 127 
102 102 
120 820 


Be 
tex 
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SECTION AT MOUNT UNION 


Thin-bedded argillaceous, probably dolomitic limestone, weather- 


Thin-bedded argillaceous, probably dolomitic limestone, weather- 
ing buff and earthy. Partly concealed, including lower 40 
feet. Traverse 516 feet, total 6648 feet .............eee0e 


Impure laminated, somewhat argillaceous, probably dolomitic 
limestone, weathering grayish and platy. Traverse 130 


Concealed across gully of small stream. Impure limestone 
exposed at low water. Traverse 255 feet, total 6002 feet, 


Thin, some thick-bedded hard blue limestone, largely laminated, 
weathers platy. Upper part exposed in cut where highway 
turns north. At 244 feet, in 2-inch bed: Camarotoechia 
tonolowayensis (r), Hindella congregata (a), Leiopteria 
sp. (r), Hormotoma sp. (c), Zygobeyrichia regina (c), 
Dizygopleura halli var. (c). Traverse 296 feet, total 5747 


Thin, some thick-bedded calcareous shale, weathering greenish, 
in part somewhat hackly. Traverse 82 feet, total 5451 feet 


Thin-bedded argillaceous limestone and dark gray calcareous 
shale. Top not well defined. Culvert at 5273 feet. Traverse 
242 feet, total 5369 feet ........ 


Medium-bedded hard dark-blue to black dense limestone, weath- 
ering gray. Traverse 18 feet, total 5127 feet ........ utes 


WILLs CREEK SHALE: 

Thin-bedded calcareous shale and some very argillaceous lime- 
stone, mostly weathering with limonitic stain. Some of 
lower beds weather somewhat hackly. Traverse 130 feet, 


Thick-bedded grayish shale or mud rock, weathering pea-green 
and into hackly fragments similar to those characteristic 
of the Bloomsburg red shale; and some interbedded thin- 
bedded more calcareous shale and very argillaceous lime- 
stone. One-half to 2-foot beds of pinkish to red shale at 
298, 290, 225, 215, 185, 150, 30, and 25 feet; pink and red 
splotched shale 285 to 270 feet. Culverts at 4336, 4433, 
4559, 4637, and 4914 feet. Traverse 787 feet, total 4979 feet 


BLooMsBuRG RED SHALE: 
Interbedded brick-red and pea-green shale, weathering hackly. 
Traverse 66 feet, total 4192 feet .............. 
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Thickness, 
feet 
Bed Total 
9 700 
226 691 
65 465 
85 400 
145 315 
41 170 
120 129 
9 9 
65 460 
395 395 
31 155 
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Thick-bedded brick-red shale or mud rock, weathering into 
small hackly fragments. Medium to thick-bedded argilla- 
ceous red sandstone 90 to 80 and 73 to 62 feet. Green shale 
75 to 73 feet, and some thin beds in upper part. Culvert 
at 4059 feet. Traverse 98 feet, total 4126 feet ............ 


Concealed. Much red shale in soil. See notes on McKenzie 
formation for estimation of thickness. Culvert at 3881 feet. 


McKENZIE SHALE AND LIMESTONE: 

Uprer GRAY SHALE AND LIMESTONE MEMBER: 
Concealed along highway, with much red shale in soil. The 
presence of a fossiliferous gray shale member at this 
horizon was established in fields opposite the house of 
James King, 4 mile north of Luey Furnace School, about 
114 miles north of Mount Union. Here the upper gray shale 
and limestone member is 70 feet thick. It is underlain by 
the Rabble Run red bed, 70 feet thick, and is overlain by 
the Bloomsburg red shale, about 135 feet thick, with a 
sandstone member that apparently corresponds to the sand- 
stone beds seen in the Bloomsburg along the highway. The 
top of this sandstone is 90 feet above the base of the Blooms- 
burg at Luey Furnace School, and this thickness is used 
to estimate the base of the Bloomsburg in the highway 
section. The fauna of the upper member of the McKenzie 
was found in loose limestone slabs along the highway as 
follows: 3825 feet traverse: Camarotoechia andrewsi (r), 
Paraechmina sp. (c), Beyrichia mesleri (aa), Kloedenella 
normalis (r), Kyammodes tricornis (r), Eukloedenella sin- 
uata (a), Kloedenella gibberosa (a), Dizygopleura gibba 
(c). 8723 feet traverse: Camarotoechia cf. C. andrewsi (c), 
Homeospira sp. (r), Kloedenia normalis (c), Beyrichia 
mesleri and n. var. (c), Dibolbina? sp. (r), Hukloedenella 
sinuata (c), Kloedenella gibberosa (c), Dizygopleura gibba 
(c). Some loose slabs with Kloedenella gibberosa were 
found at 3881 feet traverse, but they had probably been 
moved. The above fauna was also obtained about 5 to 
10 feet below the base of the Bloomsburg near Luey Fur- 
nace School. Culvert at 3723 feet. Traverse 175+ feet, 


RABBLE RuN RED BED MEMBER: 

Thick-bedded red, some green shale, weathering more or less 
hackly, 11 feet below, concealed above. Thickness deter- 
mined near Luey Furnace School. Traverse 173+ feet, 
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Thickness, 
‘eet 
Bed Total 
69 124 
55 55 
70 355 
70 285 
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SECTION AT MOUNT UNION 


LowEr GRAY SHALE AND LIMESTONE MEMBER: 
Soft shale, weathering pea-green and more or less hackly. Red 
shale 201 to 199 feet. Traverse 55 feet, total 3507 feet .... 


Concealed. Much red shale in soil beginning at 3325 feet trav- 
erse. If red shale is in place here, these beds belong with 
the Rabble Run red bed, and the estimated thickness of the 
lower member is too great. Traverse 140 feet, total 3452 


Thin-bedded gray calcareous shale and some interbedded thin- 
bedded dense limestone above, passing into thin to medium- 
bedded hard blue to black dense limestone and some inter- 
bedded gray calcareous shale below. Upper half partly 
concealed. These beds are characterized by Kloedenella 
nitida, with subzones of Hormotoma hopkinsi and Ortho- 
ceras mackenzicum. Favosites sp. (r) 185; Closterocrinus 
cf. C. elongatus (r) 140; Lingula sp. (r) 115+; Dalmanella 
sp. (r) 115+ ; Camarotoechia andrewsi (r) 140+, (r) 130+, 
(r) 100+, (c) 95+; Modiolopsis aff. M. subcarinata (c) 
130+ ; Hormotoma hopkinsi (aa) in bed 2 inches thick, 144, 
(r) 140+; Orthoceras cf. O. mackenzicum (r) 185+ ; Parae- 
chmina aff. P. bimuralis (r) 115+, (r) 95+; Kloedenia 
normalis (c) 145, (r) 148, (r) 95+; Hukloedenella sulci- 
frons (c) 130+, (aa) 100+, (a) 95+; H. simplew (c) 95+; 
Kloedenella nitida (aa) 145, (r) 1438, (r) 140+, (c) 1385+, 
(c) 180+, (a) 80; K. intermedia (a) 148, (a) 80; Dizygo- 
pleura sp. (c) 115+, (r) 100; Bythocypris phillipsiana 
(r) 115+. Traverse 244 feet, total 3312 feet ............. 


Thin-bedded, mostly dense blue to black limestone and inter- 
bedded gray calcareous shale, partly concealed. These beds 
are characterized by Beyrichia moodeyi. Reticularia 
bicostata (r) 57, (c) 56; Trematospira camura (c) 56; 
Beyrichia moodeyi (aa) 57, (a) 56; Kloedenia normalis 
(c) 57, (c) 56; K.n. sp., suggests Kyammodes tricornis, (c) 
56; Kloedenella intermedia (c) 56; Dizygopleura swartzi 
(aa) 57, (a) 56. Traverse 50 feet, total 3068 feet ........ 


Concealed. May contain at base a small thickness of Rochester 
shale. Much limestone of lower McKenzie type, in part 
containing edgewise limestone conglomerate, loose in soil 
2945 to 3018 feet traverse. Traverse 183 feet, total 3018 feet 


CLINTON GROUP: 
RocHESTER SHALE: 
Concealed below, with 15 feet of thin-bedded gray to greenish 
shale at top, exposed at entrance to old mine tunnel just 
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Thickness, 
fee 
Total 

21 215 
47 194 
76 147 
16 71 
55 55 
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Thickness, 
feet 
Bed Total 
north of road. The shale contains Stropheodonta proutyi 
n. sp., or var., (c); Camarotoechia neglecta (c); Drepa- 
nellina clarki (c); and other fossils. Traverse 120 feet, 


KEEFER SANDSTONE: 
Interbedded calcareous sandstone and some greenish arenaceous 
shale, the sandstone in layers up to 1 foot thick and weath- 
ering yellowish to rusty; some beds contain many crinoid 
rings. A little odlitic hematite in upper 6 inches. These 
beds form the Keefer sandstone proper. Top at 2715 feet 


Impure arenaceous, in part argillaceous limestone, with some 
interbedded arenaceous shale, and some calcareous sand- 
stone at 12 to 10% feet. These and the next underlying 
beds, to 5 feet below the top of the Rose Hill shale, were 
measured below the highway along the river bank. With 
the next underlying beds, they contain a zone of Schucher- 
tella subplana, with Spirifer niagarensis, Whitfieldella 
n. sp. aff. W. intermedia, and Homalonotus delphinocephalus. 
Stropheodonta aff. S. pluristriata (r) 18-12, (c) 8-6; 
Schuchertella subplana (c) 13-12, (c) 8-6; Camarotoechia 
neglecta (c) 13-12, (c) 8-6; Atrypa reticularis (c) 13-12; 
Spirifer niagarensis (r) 13-12, (r) 10, (r) 8-6; 'Whitfiel- 
della cylindrica (rr) 138-12; W. n. sp. aff. W. intermedia 
(a) 8-6; Diaphorastoma sp. (c) 8-6; Dalmanites limulurus 
var. clintonensis (r) 13-12, (c) 8-6; Homalonotus delphino- 
cephalus (r) 13-12, (r) 8-6; Paraechmina aff. P. spinosa 
(r) 13-12; P. sp., female of last?, (r) 13-12 ............ x 7 13 


Green arenaceous shale, with 6-inch bed of calcareous greenish 
sandstone at base, and with thin-bedded hard somewhat 
hematitic gray crystalline limestone at 4144 to 2 feet. The 
limestone contains: Leptaena rhomboidalis (r), Stropheo- 
donta aff. 8S. pluristriata (c), Schuchertella subplana (a), 
Camarotoechia neglecta (c), Whitfieldella n. sp. aff. 'W. 
intermedia (a), Pterinea cf. P. emacerata (r), Calymene 
sp. (r), Homalonotus sp. (r). Top of these beds at 2599 
feet traverse on highway 6 6 


RosE Hitt SHALE: 

Green, somewhat arenaceous shale, with a 3-inch bed of odlitic 
hematite at 723% feet, and with several beds of somewhat 
oblitic gray limestone, suggestive of those included in basal 
part of Keefer sandstone. These and the adjacent beds are 
disturbed by minor folding along the highway. These beds 
contain some of the most diagnostic fossils of the Mastigo- 
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bolbina typus zone, although Rhynchotreta americana, Spi- 
rifer radiatus, Illaenus iorus, and Apatobolbina granifera 
occur here but not in the underlying strata. Cup coral 
(r) 722; bryozoa (r) 721; Dalmanella elegantula (r) 724, 
(vr) 723, (c) 722; Leptaena rhomboidalis (r) 724, (r) 721; 
Sowerbyella (Plectambonites) aff. 8. transversalis (r) 721; 
Stropheodonta, two species, (r) 724, (r) 723, (c) 722, (r) 
721; Schuchertella sp., small, (r) 723, (r) 722, (r) 721; 
Chonetes novascoticus (c) 721; Camarotoechia neglecta 
(c) 724, (c) 7238, (c) 722, (c) 721; Rhynchotreta americana 
(r) 724, (c) 723, (c) 722, (r) 721; Atrypa reticularis (r) 
722; Spirifer radiatus (c) 723, (r) 721; S. eudora? (r) 
723; Anoplotheca sulcata (c) 722, (c) 721; Whitfieldella aff. 
W. nitida var. oblata (r) 722; W. sp., small, (r) 724, (r) 
721; Orthoceras sp. (r) 723; Illaenus iovus (c) 724, (c) 
723; Calymene sp. (r) 723; Liocalymene clintoni (c) 723; 
Dalmanites Vimulurus var. clintonensis (r) 724, (c) 723, 
(c) 722; Cyphaspis sp. (r) 723; Paraechmina crassa (c) 
724, (c) 721; P. aff. P. intermedia (r) 721; Apatobolbina 
granifera (a) 721; Zygosella vallata var. unicornis n. var. 
(r) 722, (c) 721; Bonnemaia crassa (c) 723; Plethobolbina 
typicalis (a) 723, (c) 722; Mastigobolbina trilobata (a) 
721; M.arguta (r) 721; M. cf. M. typus (r) 722; Beyrichia 
ef. B. lakemontensis (r) 721; B. n. sp. (c) 724, (r) 723, 
(r) 722; Dizygopleura loculata (r) 722, (c) 721; Bytho- 


Olive-green and interbedded purplish argillaceous shale, weath- 
ering into thin, irregular, somewhat platy fragments; con- 
taining a few thin beds of fossiliferous, generally argilla- 
ceous greenish, pinkish, or tan limestone, chiefly in the 
upper 50 feet, and a few 1- or 2-inch beds of calcareous 
sandstone. Upper 15 feet of shale green, top of uppermost 
purplish shale at 2519 feet traverse. Culvert at 2253 feet. 
In the exposures below the highway, there is a 1-foot bed 
of tan limestone at the top of these beds. These beds 
contain, in descending order, zones of (1) Mastigobolbina 
typus, (2) Bonnemaia rudis and Zygosella nodifera, (3) Zy- 
gobolba n. sp., and (4) Mastigobolbina modesta and Bey- 
richia kirki var., as follows: (1) Mastigobolbina typus zone: 
Peculiar round crinoid rings, up to % inch in diameter, 
(a) 719-715; Dalmanella elegantula (r) 719%, (ec) 719-715, 
(r) 715, (r) 700, (a) 698, (r) 681; Leptaena rhomboidalis 
(c) 706; Stropheodonta sp. (r) 719%; Chonetes novasco- 
ticus (a) 71914, (a) 719-715, (aa) 715, (r) 700, (aa) 698, 
(a) 681; O. cornutus, 50-60 striae, (c) 700; Camarotoechia 
neglecta (aa), small, 715, (ec) 706, (r) 700; Atrypa reticu- 
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laris (c) 719%, (r) 715; Anoplotheca sulcata (c) 719-715, 
(r) 715, (c) 706, (r) 702, (a) 700, (aa) 698, (r) 681; 
Reticularia aff. R. bicostata (c) 719%; Pterinea aff. P. 
emacerata (r) 706, (r) 700; Tentaculites minutus (c) 700, 
(r) 681; Liocalymene clintoni (c) 719-715, (r) 700; Dal- 
manites limulurus var. clintonensis (r) 719-715, (c) 702, 
(r) 700; Paraechmina crassa (c) 719-715, (c) 700, (r) 
681; Zygosella vallata (r) 719-715, (c) 706, (c) 700, 
(r) 698; Z. vallata var. unicornis n. var. (a) 681; Bonne- 
maia crassa (c) 706, (r) 681; B. celsa (r) 698, (r) 681; 
Plethobolbina typicalis (r) 719-715, (r) 702; Mastigobol- 
bina typus (c) 71944, (c) 719-715, (c) 706, (r) 702, (c) 700, 
(ec) 681; Beyrichia lakemontensis (c) 700; Dizygopleura 
loculata (c) 719-715, (c) 700; Bythocypris n. sp. (r) 719- 
715. (2) Bonnemaia rudis and Zygosella nodifera zone: 
Dalmanella elegantula (c) 630; Anoplotheca sulcata (c) 641, 
profuse 630; Zygosella nodifera (c) 641; B. rudis (r) 630. 
(3) Zygobolba n. sp. zone: Z. n. sp. (aa) 590; Liocalymene 
cf. L. clintoni (r) 590; Zygobolbina sp. (aa) 590. (4) Mas- 
tigobolbina modesta zone, in part with Beyrichia kirki: 
Dalmanella elegantula (c) 526, (r) 514, (a) 511; Camaro- 
toechia neglecta (r) 526; Anoplotheca hemispherica (c) 526, 
(c) 511; Liocalymene clintoni (c) 572, (c) 514, (c) 511; 
Paraechmina sp. (c) 514; Zygobolba sp. aff. Z. decora 
(c) 526, (c) 511; Z. sp. (r) 511; Zygobolbina aff. Z. emaciata 
(c) 572; Plethobolbina sulcata (c) 526, (r) 514; Mastigo- 
bolbina modesta (c) 572, (c) 526; M. modesta var., flagellum 
low, material approaches M. lata, (a) 514; Beyrichia kirki 
var., small, (aa) 526, (c) 514. Traverse 642 feet, total 2557 
feet, drop 15 feet. Top repeated by minor folding at 2574 


Largely concealed along highway, with shale soil. Thin- 


bedded greenish and purplish shale 458 to 450, 437 to 428, 
409 to 381, and 334 to 332 feet, and along side road 305 to 
272 feet. Side roads at 1897 and 1382 feet, culvert at 
1551 feet. These beds contain the Mastigobolbina lata 
zone. Liocalymene clintoni (r) 303-272; Paraechmina 
n. sp. (r) 3803-272; Zygobolba conradi (c), loose, 379, 
(r) 303-272; Mastigobolbina lata (c), loose, 379, (r) 303- 
272. Traverse 640 feet, total 1915 feet ..............0000: 


Olive-green and interbedded purplish shale, with a few 1- or 
2-inch beds of calcareous sandstone. The shale weathers 
into thin irregularly platy fragments. Upper part poorly 
exposed. Middle of highway bridge opposite 1115 feet. A 
zone of Zygobolbina emaciata occurs as follows: Z. emaciata 
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(c) 205, (aa) 195; Chonetes novascoticus (c) 205; Caly- 
mene aff. OC. cresapensis (r) 205; Zygobolba carinifera 
(a) 205, (aa) 195; Z. arcta (a) 195. A zone with Z. bimu- 
ralis, Z. decora, and Mastigobolbina? retifera occurs in the 
lower part: Anoplotheca hemispherica (c) 160, (c) 150-134; 
Tentaculites minutus (c) 150-134; Liocalymene aff. L. clin- 
toni (c) 150-134; Calymene macrocephala (r) 150-134, (a) 
in lens 186; Paraechmina n. sp. (r) 150-134; Zygobolba bi- 
muralis (a) 150-134; Z. arcta (a) 160; Z. decora (c) 150- 
184; Z. aff. Z. elongata (c) 160, (c) 150-134; Z. aff. Z. re- 
versa (a) 150-134; Mastigobolbina? retifera (r) 160, (c) 
150-134. Traverse 297 feet, total 1275 feet .......... melee 


Concealed. Culverts at 726 and 953 feet. Traverse 322 feet, 


CASTANEA SANDSTONE: 
Medium to thin-bedded greenish gray sandstone, weathering 
yellowish, and some interbedded greenish arenaceous shale. 
Traverse 29 feet, total 656 feet ..... 


Medium-bedded argillaceous sandstone, upper 614 and lower 1% 
feet dark red, remainder greenish, and some thin partings 
of arenaceous shale. Some bedding surfaces marked with 
coarse irregular knobs and ridges. Scolithus tubes com- 
mon. Traverse 41 feet, total G27 feet ....ccccccccccccese 


Thin-bedded greenish arenaceous shale, with 3 feet of greenish 
argillaceous sandstone containing many Scolithus tubes, at 
base, and with some greenish sandstone at middle and top. 
Small tunnel in upper part. Traverse 33 feet, total 586 feet 


Thin- to medium-bedded dark-red argillaceous sandstone, and 
some interbedded arenaceous red shale. Sandstone beds 
with vertical dark-green Scolithus tubes, surrounded by 
lighter-green discolorations. Traverse 20 feet, total 553 feet 


Medium- to thin-bedded hard sandstone, greenish above, whitish 
below, and some interbedded gray arenaceous shale. Some 
shale pellets in the sandstone. Traverse 28 feet, total 533 


TUSCARORA SANDSTONE: 

Thick-bedded, in part cross-bedded, hard white medium-grained 
sandstone, upper 23 and lower 65 feet making prominent 
ledges, remainder concealed. Some white sandstone at 
middle, probably slumped. Traverse 505 feet ............ 


Concealed, with much white sandstone talus. Ganister works 
trestle about 530 feet to west. About 1500 feet west of 
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this trestle is a small exposure of white and pinkish sand- 
stone, probably basal Tuscarora. Much red sandstone of 
Juniata type appears in the talus 700 feet farther west. 
The conglomeratic beds of the lower Juniata, the Oswego 
sandstone, and the Martinsburg (Reedsville) shale are ex- 
posed farther west, near the axis of the Jacks Mountain 
anticline. 
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Thickness, 
feet 
Bed Total 


The Tonoloway limestone is exposed along the county road on the 
northeast side of Strodes Run, at Strodes Mills, about six miles southwest 
of Lewistown, Pennsylvania. The section crosses the Lewistown—Mount 
Union highway. The Bloomsburg red shale is partially exposed along 
the county road 1300 feet southeast of the highway, and the traverse 


begins at the top of the sandstone beds of this formation. 


DEVONIAN: 
HELDERBERG GROUP: 
KEYSER LIMESTONE: 
Concealed. The Shriver chert and the Ridgeley sandstone of 
the Oriskany group are seen farther northwest. 
Thick-bedded crinoidal gray limestone. Favosites sp. (c). 
Upper part exposed beside old dam ........... iwoweeGiakem 


Lumpy, somewhat argillaceous limestone. These and the over- 
lying beds have been quarried near the run. Contact with 
the Tonoloway sharply defined, possibly disconformable. 
Leperditia gigantea (c), some gastropods. Fauna not care- 


SILURIAN: 

TONOLOWAY LIMESTONE: 

Hard dense blue to black limestone, mostly laminated and 
weathering platy. Some impure beds in lower part. Black 
chert lenses at 760 feet. 725 feet: Leperditia sp. (r), Zygo- 
beyrichia ventripunctata (c). N. 44° W. 101 feet, total 


Concealed ; some platy grayish limestone in lower part. N. 44° 
W. 286 feet, total 1931 feet .......... pivsiesapsbsbuckes 


Thin-bedded, fairly pure limestone, weathering grayish and 
platy. N. 44° W. 42 feet, total 1645 feet ................ . 


Concealed. N. 40° W. 40 feet, total 1603 feet ............... oe 
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Thin-bedded, mostly platy hard dark limestone, weathering 
grayish. 370+ feet: Hindella congregata (c), Hormotoma 
sp. (c), Beyrichia tonolowayensis (c), Dizygopleura cf. 
D. halli (c). N. 40° W. 138 feet, total 1563 feet .......... 


Concealed. Middle of State Highway 22 at 1314% feet. N. 40° 
W. 180 feet, total 1425 feet ...... 


Calcareous shale, weathering greenish. N. 40° W. 88 feet, total 


Somewhat impure laminated limestone, weathering platy and 
grayish, partly concealed below. 100 feet: Leperditia aff. 
L. alta (a), L. aff. L. praecedens (a), Welleria obliqua (r), 
Kloedenella sp. (r). N. 40° W. 117 feet, total 1207 feet ... 


Thin- to medium-bedded hard blue to black limestone. N. 26° 


WILLs CREEK SHALE: 

Concealed. Some green shale 990 to 972 feet traverse, some 
green and red shale 450 to 400 feet traverse. N. 55° W. 255 
feet, N. 26° W. 478 feet, total 1078 feet. Using the average 
dip at top and bottom, the calculated thickness for these 
beds is about 565 feet, making the total thickness of the 
Wills Creek 755 feet. At Mount Union, where the Wills 
Creek is continuously exposed, the thickness is 460 feet. 
The apparent thickness at Strodes Mills may be increased 
by minor folding or faulting in the concealed interval .... 


Largely concealed, with some green and a little red more or less 
calcareous shale. 5 feet of red shale 20 to 25 feet. N. 55° 
W. 269 feet, total 345 feet ......... 


Bioomssure Rep SHALE: 
Thick-bedded hackly red shale, lower part concealed; some 
interbedded green shale in upper part. N. 55° W. 76 feet.. 
Medium- to thick-bedded red argillaceous sandstone; red are- 
Concealed. Red shale soil. Lower McKenzie beds are exposed 
about 4% mile farther east along road, with Kloedenella 
nitida and other fossils 24 feet and lower beneath base of 
the red shale. 
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The beds from the middle part of the Rose Hill shale to the upper part 
of the Wills Creek shale are almost continuously exposed along the main 
line of the Pennsylvania Railroad, about one mile east of Lewistown sta- 
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tion, in the northwestern limb of the Shade Mountain anticline. The 
base of the measured section is about 600 feet west of signal tower 1646- 
1647, at a small fault in the Rose Hill shale, and this is the zero of the 
traverse measurements. All bearings are magnetic. 
Thickness, 
Bed Total 
SILURIAN: 
CrEEK SHALE: 
Thin-bedded calcareous shale, weathering into small limonite 
stained fragments, and folded into a sharp minor syncline, 
with the underlying thick-bedded green shale exposed in a 
small faulted anticline to the west as well as to the east.. 20 505 


Thick-bedded shale or mud rock, weathering pea-green and 
hackly, and making prominent ledges at 485 to 440, 375 to 
360, 328 to 317, and 290 to 280 feet. Remainder more 
eroded, weathering into small limonite stained fragments. 
Interbedded pinkish splotched shale 375 to 373, 367 to 366, 
and 363 to 361 feet, red hackly shale 320 to 317 feet. A 
¥%4-foot bed of sandstone at 483 feet. N. 57° W. 266 feet, 


Concealed, with limonite stained shale fragments. N. 57° W. 60 


Largely thick-bedded shale or mud rock, weathering pea-green 
and hackly, with some interbedded blocky to platy calca- 
reous shale and some argillaceous limestone. 1- to 6-foot 
beds of red and some pinkish splotched shale at 226, 222, 
186, 162, 155, 122, 88, 37, 24, and 15 feet. N. 57° W. 210 
feet, N. 38° W. 102 feet, total 2003 feet .............0+04. 230 230 


Bioomssure RED SHALE: 


Thick-bedded red argillaceous shale, weathering into small red 
hackly fragments. N. 57° W. 48 feet, total 1691 feet ...... 35 330 


Concealed across small hollow. Judging from the soil in fields 
near the Granville Run section, these beds are red shale. 


Thick-bedded red shale or mud rock, weathering into small 
hackly fragments. Somewhat more arenaceous beds 168 
to 162 feet. Interbedded green shale 185 to 184, 170 to 168, 
162 to 152, 147 to 146, and 125 to 123 feet. Lowest beds 
pinkish, contact with underlying beds not sharply defined. 
Concealed 40 to 26 feet. A few poorly preserved ostracodes 
occur in green shale at 156 feet, and some of these appear 
to be Kloedenella gibberosa. N. 64° W. 66 feet, N. 53° 
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McKENZIE SHALE AND LIMESTONE: 


Thin-bedded greenish calcareous shale, and a little interbedded 
thin-bedded dense limestone, partly concealed. Some pink- 
ish shale near top. Homeospira sp. (r) 165; Whitfieldella 
sp., small, (r) 150; Leiopteria sp. (r) 150; Kloedenia nor- 
malis (c) 155, (c) 150; EHukloedenella simpler (c) 150; 
Kloedenella nitida (aa) 175, (aa) 155; K. intermedia (c) 
150; Dizygopleura brevisulcata (c) 150. N. 64° W. 215 feet, 


Thin-bedded limestone and interbedded gray to greenish calca- 
reous shale. N. 64° W. 95 feet, total 1012 feet ............ 


Medium-bedded dense dark gray to black limestone, and a little 
interbedded gray shale. Railroad culvert at 915 feet. 


Thin-bedded gray calcareous shale, weathering olive-green, and 
some interbedded fossiliferous blue-gray limestone. These 
beds contain the Whitfieldella marylandica zone, with two 
subzones. The Kloedenia ventralis subzone occurs in the 
upper part: Whitjieldella marylandica profuse in several 
limestone beds 10-8 ; Beyrichia veronica (c) 10-8; Kloedenia 
ventralis (c) 10-8; Kloedeneliia n. sp. aff. K. intermedia (r) 
10-8; Dizygopleura reticulata (r) 10-8. The subzone of 
K. cornuta and Schuchertella elegans occurs in the lower 
part: S. elegans (r) 6, (c) 3; Camarotoechia sp., poor, (rr) 
3; Whitfieldella marylandica (r) 6; Reticularia bicostata 
(c) 6; Paraechmina postica (r) 6, (a) 3; Beyrichia vero- 
nica (r) 6; Kloedenella cornuta (r) 6, (a) 3; Dizygopleura 
symmetrica (a) 3; Bythocypris sp. (r) 3. N. 64° W. 15 


CLINTON GROUP: 
RocHESTER SHALE: 

Thin-bedded fossiliferous gray shale weathering olive-green, 
and some interbedded thin beds of fussiliferous gray lime- 
stone. Lower half partly concealed. The following char- 
acteristic fossils of the Drepanellina clarki zone were col- 
lected at 29 feet, and occur in underlying beds: Stropheo- 
donta proutyi n. sp., or var., (aa), Camarotoechia neglecta 
(aa), Homalonotus cf. H. delphinocephalus (c), Paraech- 
mina postica (r), Drepanellina clarki (ce), Dizygopleura 
symmetrica (r). N. 64° W. 47 feet, total 878 feet ......... 


KEEFER SANDSTONE: 


Medium-bedded yellowish sandstone, probably in place. N. 64° 
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Thick-bedded hard whitish sandstone, weathering rusty. N. 64° 


W. 20 feet, total 818 feet 


Thin- to medium-bedded gray to greenish calcareous sandstone 


and some interbedded arenaceous shale. Thick-bedded very 
arenaceous limestone or calcareous sandstone 31 to 27 feet ; 
some lenticular beds of fossiliferous arenaceous gray lime- 
stone in lower 10 feet; 1-foot bed of calcareous sandstone 
at base. These and the next underlying beds contain the 
zone of Schuchertella subplana with Whitfieldella n. sp. 
aff. W. intermedia, Spirifer niagarensis, and Homalonotus 
delphinocephalus, that is seen in the lower Keefer at Mount 
Union. Stropheodonta aff. 8. pluristriata (c) 16, (a) 14; 
Schuchertella subplana (c) 16, (c) 14; Camarotoechia neg- 
lecta (c) 16, (c) 14; C. bidentata (r) 16; C. acinus vars., 
8 plications in sinus, (c) 16, plications strong, (r) 14, plica- 
tions weaker, 2 in sinus 3 on fold, (r) 14; Spirifer niaga- 
rensis (r) 14;Whitfieldella n. sp. aff. W. intermedia (c) 14; 
Diaphorastoma niagarensis (r) 16, (r) 14; Orthoceras sp. 
(r) 16; Dalmanites limulurus var. clintonensis (c) 16, (c) 
14; Homalonotus delphinocephalus (c) 16, (c) 14; Paraech- 
mina aff. P. spinosa (rr) 16, (r) 14; P. sp., female of last?, 
(r) 14; Kloedenella sp. (r) 14. N. 64° W. 44 feet, total 


Medium-bedded blue-gray somewhat hematitic limestone and 


interbedded greenish shale. At 8 feet: Stropheodonta aff. 
8. pluristriata (c), Schuchertella subplana (c), Camaro- 
toechia neglecta (c), Atrypa reticularis (r), Spirifer niaga- 
rensis (r), 'Whitfieldella sp. (r), Dalmanites limulurus var. 
clintonensis (r). N. 64° W. 14 feet, total 754 feet ......... 


Rose Hitt SHALE: 


Medium-bedded fossiliferous light-gray to pinkish limestone, in 


part with some odlitic hematite, and some interbedded 
greenish shale. Dalmanella elegantula (c) 489, (c) 436; 
Chonetes novascoticus (r) 439, (aa) 436; Camarotoechia 
neglecta (r) 489, (c) 436; Atrypa reticularis (r) 486; 
Anoplotheca sulcata (r) 439; Paraechmina crassa (r) 4389; 
Apatobolbina granifera (r) 436; Plethobolbina typicalis 
(r) 486; Mastigobolbina trilobata (r) 439, (r) 436; Dizygo- 
pleura loculata (r) 439, (r) 436. N. 64° W. 7 feet, total 


Thin-bedded shale weathering into thin, irreguarlly platy frag- 


ments; mostly purplish, except the upper 18 feet, which is 
all olive-green. Some interbedded 1- to 4-inch beds of gray 
calcareous sandstone scattered throughout; occasional 1- 
to 6-inch beds of impure greenish to pinkish fossiliferous 
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SECTION ALONG RAILROAD, LEWISTOWN 


limestone in upper 30 feet. These beds contain zones of 
(1) Mastigobolbina typus and (2) Bonnemaia rudis as fol- 
lows: (1) Mastigobolbina typus zone: Dalmanella elegantula 
(a) 428, (c) 425, (r) 421, (c) 410, (c) 408, (c) 406; 
Leptaena rhomboidalis (r) 428, (c) 425, (r) 408; Sower- 
byella (Plectambonites) aff. S. transversalis (c) 425; Cho- 
netes novascoticus (a), small, 431, (a) 428, (a) 425, 
(c) 410, (r) 408, (aa) 406; C. cornutus, 35-40 striae, (r) 
421; Camarotoechia neglecta (r) 431, (r) 428, (c) 425; 
Atrypa reticularis (c) 425, (r) 406; Anoplotheca sulcata 
(c) 431, (a) 428, (c) 425, (c) 421, (c) 408, (c) 406; 
Liocalymene clintoni (c) 428, (c) 421; Dalmanites limu- 
lurus var. clintonensis (r) 428; Paraechmina crassa (r) 431, 
(?r) 428, (r) 410, (r) 408; Apatobolbina granifera (r) 481; 
Zygosella vallata (r) 421; Z. vallata var. unicornis n. var. 
(c) 428, (c) 410, (c) 408; Bonnemaia crassa (c) 410, 
(r) 408; B. celsa (r) 408; Plethobolbina typicalis (r) 431, 
(r) 428, (c) 421, (r) 408; P. sp., punctate, (r) 428; Masti- 
gobolbina typus (r) 431, (c) 428, (r) 425, (c) 421, (r) 408; 
M. trilobata (r) 425; M. cf. M. punctata (r) 481; M. cf. 
M. triplicata (c) 428; Beyrichia lakemontensis (c) 428; 
Dizygopleura loculata (r) 431, (r) 428, (r) 421, (r) 408; 
Bythocypris, 2 species, (r) 431, (r) 425. (2) Bonnemaia 
rudis zone: Dalmanella elegantula (c) 375; Chonetes nova- 
scoticus (r) 365, (r) 363; Camarotoechia neglecta (r) 351; 
Anoplotheca sulcata (r) 393, (c) 365, (c) 363; A. sulcata 
var., ribs stronger, material approaches A. hemispherica, 
(aa) 356, (a) 351, (aa) 340, (c) 338; Liocalymene clintoni 
(r) 365, (c) 338; Paraechmina n. sp. (r) 338; Zygosella 
nodifera (c) 365, (r) 363, (?c) 338; Bonnemaia rudis (?r) 
363, (c) 365, (c) 363; B. longa (r) 365; B. transita (r) 365, 
(r) 351; B. cf. B. fissa (r) 363; B. sp. (r) 375, (r) 340; 
Plethobolbina sp. (r) 338; Mastigobolbina sp. (r) 338; 
Dizygopleura loculata var. (r) 365. Culvert at 680 feet. 
N. 64° W. 183 feet, total 733 feet ........ 


Dark olive-drab and much purplish shale, with occasional 14- to 
38-inch beds of greenish gray calcareous sandstone, and with 
1- to 3-inch beds of purplish calcareous sandstone at 325, 
821, 320, and 302 feet. At 310 feet: Dalmanella elegantula 
(c), Chonetes cf. C. novascoticus (r), Conchidium? sp. (r). 


Thin-bedded dark olive-drab and much purplish shale, with 
occasional 1%4- to rarely 5-inch beds of calcareous green 
or gray sandstone, particularly in the lower 10 feet. These 
beds contain a zone of Mastigobolbina modesta, with a 
small variety of Beyrichia kirki. Dalmanella elegantula (c) 


97 


Thickness, 
‘eet 
Bed Total 


110 


435 
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Thickness, 
fee 

Bed Total 
260, (c) 225; Tentaculites minutus (c) 225; Liocalymene 
clintoni (r) 260; Zygobolbina aff. Z. emaciata (c) 260, (r) 
225; Plethobolbina sulcata (c) 260; Mastigobolbina mo- 
desta (c) 260; Beyrichia kirki var., small, (c) 260. Culvert 
at 473% feet. N. 64° W. 155 feet, total 509 feet .......... 87 302 


Dark olive-drab or greenish, some interbedded purplish shale, 
weathering to small irregularly platy or splintery frag- 
ments. A few %- to 2-inch beds of calcareous sandstone, 
chiefly in the upper half. Concealed 100 to 78 feet. Base 
at small fault. The Mastigobolbina lata zone occurs in the 
lower part of these beds. The M. modesta zone is question- 
ably represented in the upper part. Dalmanella elegantula 
(c) 213; Chonetes novascoticus (c) 213, (a) 195, (c) 130, 
(r) 116, (r) 77; Conchidium? sp. (r) 25; Uncinulus? sp. 
(r) 195; Anoplotheca hemispherica (r) 213, (c) 130, (a) 
121, (r) 116; Tentaculites minutus (c) 116; Liocalymene 
clintoni (r) 2138, (r) 195, (c) 130, (c) 116, (c) 77; Caly- 
mene macrocephala (r) 130; C. sp. (r) 35; Zygobolbina 
aff. Z. conradi (r) 213, (r) 195; Z. aff. Z. emaciata (c) 35; 
Plethobolbina sulcata (c) 213, (c) 195; Mastigobolbina cf. 
M. modesta (r) 213, (r) 195; M. lata (r) 77; M. lata var., 
near VM. modesta (c), poor, 130, (c) 121; M. lata var., near 
M. declivis, (a) 35, (a) 25. N. 64° W. 354 feet ........... 215 215 


SECTION NEAR GRANVILLE RUN 


The Rochester and the McKenzie formations are well exposed along 
and near the road to Granville, just north of Granville Run, about 114 


miles south of Lewistown, Pennsylvania. 

Thickness, 
feet 

Bed Total 

SILURIAN: 

BLoomspurG Rep SHALE: 
Red hackly shale, exposed in gully and on hill west of highway. 
Occasional thin beds of green shale. 


McKEnzIE SHALE AND LIMESTONE: 
Thin-bedded green shale and a few thin beds of limestone, ex- 
posed in gully west of highway. These beds contain the 
upper part of the Kloedenella nitida zone. Homeospira 
evar var. marylandica (c) 155; Leiopteria sp. (r) 174; 
Pterinea sp., fragmental, suggests P. flintstonensis, (c) 165; 
Hormotoma sp. (r) 155; Kloedenia normalis (r) 165, (a) 
155; Eukloedenelia simplex (aa) 165, (a), in part approach- 
ing E. sulcifrons, 155; Kloedenella nitida (aa) 174, (aa) 
165; K. intermedia (c), small, 174, (r) 165, (a) 155; 
Bythocypris cf. B. phillipsiana (r) 165 .......... ETE - 89 185 


ae 
: 
age 
as 
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SECTION NEAR GRANVILLE RUN 


Concealed to east side of highway. S. 36° E. 93 feet, rise 17 feet 


Thin-bedded dark-gray shale and some interbedded dense drab- 
gray to black limestone, the latter subordinate above, about 
half and half 81 to 44, predominant 44 to 31, 25 to 22, and 20 
to 18 feet. These beds contain (1) the lower part of the 
Kloedenella nitida zone, above, and (2) the Beyrichia 
moodeyi zone, below. (1) Kloedenella nitida zone: Kloede- 
nella nitida (aa) 97, (aa) 94; K. intermedia (r) 97; 
Dizygopleura swartzi (r) 97, (c) 82, (c) 80. (2) Beyrichia 
moodeyi zone: Reticularia bicostata (r) 63, (c) 61, (a) 40, 
(a) 33, (r) 2744; Ctenodonta sp. (c) 27144; Leiopteria sp. 
(a), poor, 35, (r) 27144; Hormotoma sp. (c) 271%; Ortho- 
ceras sp. (r) 35; Kloedenia ventralis (c) 40; K. sp., closely 
allied to K. ventralis, but with ventral ridge obsolete and 
lobation trending toward that of Kyammodes tricornis, (c) 
40; K. n. sp., with wide pseudoborder, (c) 35; Beyrichia 
moodeyi (c) 63, (r) 61, (a) 33, (c) 274%; Kloedenella inter- 
media (r) 63, (aa) 40, (c) 35, (r) 33, (r) 27144; Dizygo- 
pleura swortet (r) 68, (aa) G1, (€) 40 


Medium-bedded dense dark impure limestone. Hormotoma sp. 
(c), Leperditia sp. (c), Hukloedenella? sp., small, (c), 


Kloedenia n. sp. (r), Bythocypris aff. B. pergracillis (r) .. 


Thin-bedded gray shale, weathering greenish, with occasional 
thin beds of limestone; the limestone beds of the lower 
part are bluish gray and finely crystalline, and suggest 
those of the underlying Rochester shale; those of the upper 
part are drab-gray to black, dense, in part odlitic, and 
contain some limestone conglomerate, particularly in the 
the odlitic bed at 12 to 11 feet. At the base is a 2-inch 
bed of nonfossiliferous calcareous sandstone. These beds 
comprise the Whitfieldella marylandica zone. The Kloe- 
denia ventralis subzone occurs in the upper part, as fol- 
lows: Reticularia bicostata (a) 12144; Whitfieldella mary- 
landica (a) in 1-inch bed, 13, (c) 12-11, very profuse in sev- 
eral beds 9-714; Leiopteria sp. (r) 12144; Orthoceras sp. 
(r) 12-11; Kloedenia ventralis (a) 12%, (c) 9-7%; Bey- 
richia veronica (c) 9-714; Kloedenelia n. sp. aff. K. inter- 
media (c) 12%, (c) 9-744; Dizygopleura conjugata (a) 
12%. The lower beds contain the Schuchertella elegans— 
Kloedenella cornuta subzone, with the following fossils: 
Pholidops cf. P. squamiformis (r) 314; Dalmanella ele- 
gantula (r) 3%, (c) 1; Schuchertella elegans (a) 3%, 
(c) 1; Reticularia bicostata (r) 1; Whitfieldella mary- 
landica (r) 3%, (r) 1; Tentaculites niagarensis (a) 3%, 
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48 


82 


146 


98 


16 
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Thickness, 
feet 
Bed Total 
(c) 1; Dalmanites cf. D. limulurus (r) 3%; Paraechmina 
postica (r) 3%, (aa) 1; Beyrichia cf. B. veronica, seems 
to have narrower frill than typical, (c) 3%, (rr) 1; Kloe- 
denella cornuta (c) 3%, (a) 1; Dizygopleura symmetrica 


CLINTON GROUP: 
RocHESTER SHALE: 

Thin-bedded gray shale, weathering greenish, with occasional 
1- to 4-inch beds of fossiliferous blue-gray limestone, more 
abundant in the upper 8 feet than below. These beds 
contain the Drepanellina clarki zone. The fauna is much 
the same throughout, although there are some changes from 
the upper to the lower beds. Pholidops sp. (r) 25; Dalma- 
nella elegantula (r) 27%, (c) 10, (c) 5; Leptaena rhomboi- 
dalis (r) 2734, (r) 10; Stropheodonta proutyi n. sp., or var., 
(c) 273%, (a) 25, (aa) 22, (aa) 10, (c) 5, (a) 1; Camaro- 
toechia neglecta (a) 27%, (c) 22, (c) 10, (c) 5, (c) 13 
Uncinulus stricklandi (c) 1; Atrypa reticularis (r) 10, 
(r) 5; Whitfieldella? sp. (rr) 273,; Leiopteria cf. L. sub- 
plana (r) 273%,; Hormotoma sp. (r) 27%; Homalonotus 
delphinocephalus (c) 2734, (c) 25, (?c) 22, (?r) 5; H. 
lobatus (c) 27%; Dalmanites limulurus (c) 2734; (?c) 1; 
D. limulurus var. clintonensis?, pygidium with 10 to 11 
annuli plus terminal segment on axis, 7 pleurae, (c) 10, 
(c) 5; Laccoprimitia resseri (r) 25; Paraechmina postica 
(a) 273%, (ce) 25, (ce) 22; P. spinosa (c) 5; Drepanellina 
clarki (a) 2734, (c) 25, (ce) 22, (c) 5, (c) 1; Beyrichia aff. 
B. veronica (rr) 22, (rr) 5; Kloedenella cornuta var. prae- 
nuntia (c) 27%, (r) 25; K. cornuta var. antecedens (r) 25; 
Dizygopleura symmetrica (c) 27%, (c) 25, (r) 22........ 28 


KEEFER SANDSTONE: 
Medium to thick-bedded hard gray to whitish sandstone, weath- 


ering yellowish to rusty ....... 21 21 


Concealed. The lower part of the Keefer and upper part of 
the Rose Hill are exposed in the next road cut, south of 
Granville Run, in the axis of an anticline. 


SECTION AT KISHACOQUILLAS GAP 


The Clinton group and the Castanea and the Tuscarora sandstones are 
well exposed on the east side of the gap of Kishacoquillas Creek, in Jacks 
Mountain, between Yeagertown and Reedsville, about four miles north of 


= 
28 


SECTION AT KISHACOQUILLAS GAP 101 


Lewistown, Pennsylvania.? The writer was assisted in part of the field 
work on the section by E. R. Barnsley. 

The upper 55 feet of the Juniata sandstone is exposed along the former 
trolley track just east of the concrete highway bridge crossing the creek 
near the south end of the gap. The base of these beds was projected to 
the dirt road on the east bank of Kishacoquillas Creek for the zero of the 
traverse. The traverse follows the dirt road to about the middle of the 
Rose Hill shale, then turns nearer to the creek bank. Tuscarora and 
Castanea sandstones are seen on the mountainside, the various horizons 
being projected to the road for measurement. All bearings are magnetic. 


Thickness, 
feet 
Bed Total 
SILURIAN: 
McKENZIE SHALE AND LIMESTONE: 


Concealed. 


Thin-bedded greenish shale, and some interbedded 2- or 3-inch 
beds of arenaceous, mostly unfossiliferous limestone, seen 
along creek. S. 15° E. 12 feet, total 2069 feet ............ 10 10 


CLINTON GROUP: 
RocHESTER SHALE: 
Thin-bedded greenish shale, with a few thin beds of blue gray 
limestone in the upper part. Characteristic fossils of the 
Drepanellina clarki zone were collected at 35 feet ; Strophe- 
odonta proutyi n. sp., or var., (c), Camarotoechia neglecta 
(c), 'Whitfieldella aff. W. marylandica (r), Pterinea emace- 
rata (r), Homalonotus lobatus (c), Paraechmina postica 
(c), Drepanellina clarki (c). S. 15° E. 44 feet, total 


KEEFER SANDSTONE: 
Medium-bedded hard sandstone, weathering yellowish, and mak- 
ing a prominent ledge on bank of creek. S. 0° E. 23 feet, 


Medium-bedded limestone and interbedded greenish shale, below, 
thin-bedded sandstone and some shale and _ limestone, 
above. Base not determined. S. 0° E. 50 feet, total 


Rose Hit SHALE: 
Olive-green and interbedded purplish shale, weathering to small 
irregularly platy fragments; seen along bank near creek. 


2J. H. Dewees: Report of progress in the Juniata district on the fossil iron ore beds 
of middle Pennsylvania, Geol. Survey Pennsylvania, 2nd Rept. F (1878) pp. 51-55; 
Charles Schuchert: Silurian formations of southeastern New York, New Jersey, and 
Pennsylvania, Bull. Geol. Soc. Am., vol. 27 (1916) pp. 550, 551. 
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Some interbedded limestone in upper 30 to 40 feet. Upper 
beds not carefully examined and top not determined. Front 
of old dam in creek opposite 1790 feet traverse. Fossils of 
the Mastigobolbina modesta zone were found loose at about 
475 feet: Chonetes novascoticus (r), Anoplotheca hemisphe- 
rica (c), Zygobolba sp. aff. Z. decora (c), Mastigobolbina 
modesta var., lash poor, (c), Beyrichia kirki var., small, 
(c), Plethobolbina sulcata (c). S. 20° E. 372 feet, S. 0° 


Concealed. S. 30° E. 128 feet, total 1528 feet ................ 


Thin-bedded olive-green and interbedded purplish shale, seen 
along old dirt road. Partly concealed above. Fossils were 
obtained on loose slabs as follows: (1) Mastigobolbina 
lata zone: Liocalymene clintoni (c) 270, Zygobolbina con- 
radi (a) 270. (2) Zygobolbina emaciata zone: Bryozoa (c) 
100; Anoplotheca hemispherica (c) 100; Tentaculites minu- 
tus (a) 100; Liocalymene clintoni (r) 215; Zygobolbina ema- 
ciata (a) 230, (?r) 215, (r) 200, (a) 100; Zygobolba cari- 
nifera (a) 100; Z. bimuralis (r) 215, (r) 200. (The speci- 
mens at 100 were collected on the hillside, and probably 
were far out of place. The others were collected along 
the dirt road, and probably were nearly in place.) (3) Zygo- 
bolba bimuralis, Mastigobolbina? retifera zone: Stropheo- 
donta corrugata var., length 30 mm, width 55 mn, 5 striae 
in 2 mm, cardinal corrugations strong, (r) 145; Anoplotheca 
hemispherica (c) 145, (a) 130; Liocalymene cf. L. clintoni 
(r), Zygobolba bimuralis (c) 145, (c) 1380; Z. cf. Z. decora 
(r) 145; Mastigobolbina? retifera (c) 145; Beyrichia aff. 
B. kirki (rr) 145. (4) Zygobolba decora zone?: Bryozoa 
(c) 115; Dalmanella sp. (r) 115; Zygobolba decora (rr) 
115. 8, 26" foot, total 1400 Peet 


Concealed. S. 45° E. 140 feet, total 1207 feet ................ 


CASTANEA SANDSTONE: 
Thin-bedded hard whitish to greenish sandstone, making prom- 
inent ledge, above, dark-red sandstone, below. Top S. 24° 
E. 87 feet from top of Tuscarora, total 1067 feet ......... 


Medium-bedded sandstone, greenish argillaceous above, hard 


Thin-bedded dark-red sandstone, bedding surfaces with peculiar 


Thickness, 
feet 
Bed Total 
835+ 710+ 
105 875 
160 270 
110 110 
10 72 
25 62 
18 37 
9 19 
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SECTION AT KISHACOQUILLAS GAP 


Thin-bedded arenaceous greenish shale, with 4 feet of hard 
whitish sandstone at top, and 1 foot of whitish sandstone 


TUSCARORA SANDSTONE: 
Thick-bedded hard white sandstone, making ledges on mountain- 
ae. E165 feet, total fect. 


Concealed. S. 24° E. 230 feet, total 845 feet ................- 


Thick-bedded hard whitish medium-grained quartzitic sand- 
stone. S. 24° BH. 232 feet, total 615 feet 


Thick-bedded hard brownish red sandstone; lower 18 feet pink- 
ish to buff. 8S. 24° E. 138 feet, total 383 feet ............. 


Medium- to thick-bedded, somewhat crossbedded, hard gray sand- 
stone, weathering whitish. Occasional horizons of shale 
pellets. S, 24° E. 93 feet, total 245 feet ...............6. 


Medium- to thick-bedded hard greenish to dark-gray sandstone, 
with several 3- to 4-inch beds of arenaceous greenish shale 
in the lower 22 feet, and with several thin partings of 
shale at higher levels. Occasional zones of green shale 
pellets in the sandstone beds. Lower 2 feet with broad 
pinkish discolorations. Upper 15 feet concealed. S. 24° 


ORDOVICIAN: 
JUNIATA RED SHALE AND SANDSTONE: 

Medium- to thick-bedded hard red sandstone, with some inter- 
bedded arenaceous red shale, chiefly in the lower half, and 
with occasional zones of red shale pellets. At top is a 
¥,-foot bed of arenaceous red shale, underlain by 11, feet 
of dark-green and red discolored hard sandstone, the latter 
underlain in turn by % foot of greenish arenaceous shale. 
The contact with the Tuscarora might well be placed at the 
base of the latter bed. It does not seem probable to the 
writer that there is a disconformity at or near the plane of 
division here sed: 8. 24° OT 


Concealed. The conglomeratic red sandstone member of the 
lower part of the Juniata is seen farther north along the 
highway to Reedsville, where Oswego sandstone and Mar- 
tinsburg (Reedsville) shale are also exposed. According to 
Dewees, the Juniata is 1590 feet thick at this locality. The 
contact between the Juniata and the Oswego formations 
is not well defined. The green sandstone beds of the Os- 
wego pass upward into conglomeratic greenish sandstones, 
containing pebbles of quartz, green and some red shale, and 


103 


Thickness, 
feet 
Bed Total 
10 10 
110 750 
190 640 
190 450 
115 260 
63) 145 
70 70 
55 


‘ 
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Thickness, 
feet 
Bed Total 
of some other rocks; while these beds pass without marked 
disconformity into the pinkish conglomeratic sandstones 
at the base of the Juniata. At this locality and elsewhere, 
many of the sandstone beds of the Oswego, Juniata, and 
Tuscarora formations are speckled with small limonite 
stained cavities, formed by weathering of siderite grains, 
according to Schuchert. 


SECTION ON LONG MOUNTAIN 


Parts of the Juniata and the Tuscarora formations are exposed along 
the highway between Milroy and Potters Mills on Long Mountain, south 
of the summit of Sand Mountain, about 11 miles north of Lewistown, 
Pennsylvania. Lower part measured with tape, beginning at base of 
measured section. 

Thickness, 
feet 


Bed Total 
SILURIAN: 


TUSCARORA SANDSTONE: 
Concealed. 
Medium-bedded hard whitish sandstone, with light-greenish and 
pinkish tinge, and some interbedded dark-green arenaceous 
shale. Occasional pellets of green shale imbedded in the 
sandstone. Culvert with highway plus 692 a little south 


Medium to thick-bedded hard whitish and light-greenish sand- 
stone, and interbedded greenish arenaceous shale, with 
thin-bedded dark-greenish to dark drab-gray arenaceous 
shale and some sandstone 535 to 524, 499 to 490, 470 to 465, 

444 to 437 feet. Some of sandstone beds with green shale 
pellets; some speckled with small limonite stained pits.... 100 


Thick to medium-bedded hard whitish rather coarse-grained 
sandstone, in part with light-greenish, in part with light- 
pinkish or tan tinge; occasional zones of green shale pellets, 
up to 4 inches in largest diameter ; sandstone pinkish, with 
pellets of pink shale at 369 to 367 feet. Some narrow 
Arthrophycus trails at 367 feet. Prominent ripple marks at 


Mostly concealed, with 2 feet of pinkish red sandstone at 105 
and 92 feet, the former possibly out of place, and with 21, 
feet of greenish sandstone, with several thin red layers, 
and some pellets of red shale, at 85 feet. Some green shale 


by 
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FIGURE 2.—Comparison of Silurian sections of central Pennsylvania, 
western Maryland, and western New York 


Sections numbered as in Figure 1. 

I. Composite section near Cumberland, Maryland, after C. K. Swartz, W. F. Prouty, 
and others, Maryland Geol. Survey, Silurian (1923) pp. 68-74, 114-126, and Lower 
Devonian (1913) pp. 147-151, 174-176. The Coeymans limestone lies between the New 
Scotland and the Keyser limestones. Rose Hill and other ostracode zones after Ulrich 
and Bassler, Maryland Geol. Survey, Silurian (1923) pp. 364-367. 

II. Section at Mount Union, Pennsylvania. 

III. Section at Strodes Mills, Pennsylvania. 

IV. Section along railroad, at Lewistown, Pennsylvania. Rochester and McKenzie 
faunal zones from section near Granville Run. 

VI. Section at Kishacoquillas Gap, Pennsylvania. 

VII. Section on Long Mountain, Pennsylvania. 

VIII. Composite section near Rochester, New York. Grimsby, Clinton, and Lockport 
after Ulrich and Bassler, Maryland Geol. Survey, Silurian (1923) pp. 325-328, fig. 26, 
p. 847. Formations between Grimsby and Irondequoit as follows: Thorold sandstone, 
Maplewood shale, Reynales limestone, “Bear Creek” shale, Williamson shale. The 
Pittsford shale lies between the Lockport and the Vernon. Cayugan and Queenston after 
P. D. Torrey and others, Am. Petroleum Inst., Paper No. 826-4A (19382) fig. 1. The 
relative ages of the boundaries of Vernon and Bloomsburg red shales are uncertain. 
The “Cobleskill” limestone near Rochester may or may not be of lower Keyser age. 

Faunal Zones—(1) Zygobolba anticostiensis zone. (2) Z. decora zone. (3) Z. bimu- 
ralis, Mastigobolbina? retifera zone. (4) Zygobolbina emaciata zone. (5) Mastigo- 
bolbina lata zone. (6) Zygosella postica zone. (7) Mastigobolbina modesta, Beyrichia 
kirki var. zone. (8) Zygobolba n. sp. zone, with Zygobolbina aff. Z. emaciata. (9) Bon- 
nemaia rudis zone. (10) Mastigobolbina typus zone. (10A) Illaenus iowus subzone. 
(11) Schuchertella subplana zone. (12) Drepanellina clarki zone, with Dalmanites 
limulurus and Homalonotus dephinocephalus. (12A) Dalmanites limulurus, Homalo- 
notus delphinocephalus zone, without Drepanellina clarki. (13) Whitfleldella mary- 
landica zone, Schuchertella elegans, Kloedenella cornuta subzone. (14) W. marylan- 
dica zone, Kloedenia ventralis subzone. (15) Beyrichia moodeyi zone. (16) Ortho- 
ceras mackenzicum, Hormotoma hopkinsi zone. (17) Kloedenella nitida zone. (18) K. 
gibberosa, Beyrichia mesleri zone. (19) Upper Dizygopleura swartzi zone. (20) Lower 
Spirifer vanuzemi zone. (21) Welleria obliqua zone. (22) Hindella congregata zone, 
with Welleria obliqua and Zygobeyrichia ventripunctata. (22A) H. congregata zone, 
with Zygobeyrichia regina. (22B) H. congregata zone, with Beyrichia tonolowayensis. 
(23) Zygobeyrichia ventripunctata zone. (24) Chonetes jerseyensis zone. (25) Gypi- 
dula coeymanensis var., Merista typa, Camarotoechia gigantea zone. (26) Gypidula 
coeymanensis zone. (27) Spirifer macropleurus, 8. perlamellosus zone. 
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Ficure 3.—Comparison of Silurian sections in central and eastern Pennsylvania 


Lithology symbols and faunal zones as in Figure 2. Sandstone beds should be shown 
in the Bloomsburg 62 to 90 feet above base in section II, and about 50 to 75 feet 
below top in section IX. 

II. Section at Mount Union, Pennsylvania. 

III. Section at Strodes Mills, Pennsylvania. 

IV. Section along railroad, at Lewistown, Pennsylvania. Rochester and McKenzie 
faunal zones from section near Granville Run. 

VI. Section at Kishacoquillas Gap, Pennsylvania. 

IX. Composite section near Loysville, Pennsylvania, after C. K. and F. M. Swartz, 
Bull. Geol. Soc. Am., vol. 42 (1981) pp. 625-628. 

X. Section in Susquehanna Gap, 4 miles north of Harrisburg, Pennsylvania, after 
Cc. K. and F. M. Swartz, op. cit., pp. 631-634. Beds at the top of the Bloomsburg red 
shale are cut out by faulting. 

XI. Section at Swatara Gap, Pennsylvania, 23 miles northeast of Susquehanna 
Gap, after C. K. and F. M. Swartz, op. cit., pp. 635-638. The Inwood sandstone, of late 
Silurian? age, lies above the Bloomsburg red beds, and is overlain by the Middle Devo- 
nian Onondaga limestone. 
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Thickness, 
fee 
Bed Total 
loose in soil in upper 20 feet. Much pinkish sandstone 
loose on bank in lower 100 feet. These pinkish sandstones 
may correspond to the red sandstones 145 to 260 feet above 
the base of the Tuscarora at Kishacoquillas Gap. S. 1° 
W. 225 feet, total 1178 feet 145 195 


Medium- to thick-bedded hard light- to dark-green rather coarse 
grained sandstone, with occasional pebbles or galls of green 
shale. 8. 1° W. 45 feet, total 953 feet ..........cccencese 


Concealed. Juniata? S. 1° W. 31 feet, total 908 feet ......... 


ORDOVICIAN: 
Juniata Rep SHALE AND SANDSTONE: 

Medium- to thick-bedded hard pinkish red somewhat laminated 

and crossbedded sandstone, with numerous pellets of red 

shale; partly concealed. S.1° W. 22 feet, total 877 feet ... 


Concealed, with much thick-bedded hard dark-red sandstone 
talus on slope in upper part, and with red arenaceous shale 
and hard red sandstone loose in soil in lower part. S. 2° 

W. 528 feet, total 855 feet, drop 45 feet ........ccccecevee 


Bright-red arenaceous shale, weathering into somewhat hackly 
fragments, and interbedded thin- to medium-bedded sand- 
stone. The sandstone is in part soft, and weathered to a 
limonitic brown, particularly in the lower half; and in part 
is harder, and dark-red in color. Most of the sandstone 
is speckled with small limonitic pits. The sandstone beds 
contain red shale pellets. S. 2° W. 327 feet, drop about 


Concealed, with red shale and sandstone soil. 


DESCRIPTION AND CORRELATION OF FORMATIONS 
TUSCARORA SANDSTONE 


The Tuscarora sandstone was named by Darton® from Tuscarora 
Mountain, Pennsylvania. The northern part of this ridge is about fifteen 
miles southeast of Lewistown. 

In the section at Kishacoquillas Gap, four miles north of Lewistown, 
the Tuscarora formation is 750 feet thick, excluding the 70 feet of red 
and green argillaceous sandstone at the top, for which the name, Castanea 
sandstone, is proposed in this paper. The exposed ledges of the Tuscarora, 
like the heavy talus, are largely composed of thick-bedded, hard, medium- 
grained, whitish quartz sandstone. The white color of these rocks is 


2U. S. Geol. Survey, Geol. Atlas U. S., Folio No. 28, 1896. 


j 
| 
| 
| i 
j 
15 550 
340 535 a 
: 
| 
30 195 195 
ye 


106 ¥F. M. SWARTZ—SILURIAN SECTIONS, CENTRAL PENNSYLVANIA 


slightly accentuated by the long weathering to which they have generally 
been subjected, but they must originally have been nearly pure white 
quartz sand. 

In detail, however, the lithology of the Tuscarora is rather complex, 
as is shown by the sections at Kishacoquillas Gap and Long Mountain. 
There the following divisions can be recognized (Fig. 2) : 


Thickness, 
Feet 

Sandstone and arenaceous shale beds, seen on Long Mountain......... 160+- 
Red and pinkish sandstone beds, seen at Kishacoquillas Gap ......... 115 


Lower sandstone member, gray to whitish above, dark gray to greenish 
below, with some interbedded arenaceous shale in lower 25 feet .. 145 


If it proves to be possible to trace these divisions for considerable 
distances, they could well be considered distinct members. They may, 
however, be too variable to be so classified, and certainly the present 
knowledge of them is too limited to justify such treatment. 

A prominent feature of the sandstone beds of the lower part of the 
formation is the presence of occasional zones of rounded but flattened 
shale pellets, sometimes as much as three or four inches in diameter. 
These are suggestive of shale pebbles, but the absence of associated quartz 
or sandstone pebbles indicates that they most likely originated as clay 
galls. Furthermore, where these pellets occur in gray or green sandstone, 
the pellets are gray or green, but where they occur in reddish sandstones 
they too are reddish. 

Some of the sandstone beds are speckled with small limonite stained 
pits, one or two millimeters in diameter, and best seen on the broken 
surface. Schuchert has suggested that these pits are due to the weather- 
ing of siderite grains.* Pits of this type are more numerous in the sand- 
stone beds of the Juniata and the Oswego formations. 

The reddish sandstone beds 145 to 260 feet above the base of the Tus- 
carora at Kishacoquillas Gap, as above described, are suggestive of the 
reddish sandstones of the upper part of the underlying Juniata forma- 
tion. Furthermore, the beds separating these sandstones from the un- 
questioned Juniata are more gray to greenish than the upper parts of the 
Tuscarora. Accordingly, there is some question whether the reddish 
beds ought not to be referred, together with the underlying greenish and 
some whitish beds, to the Juniata formation. 


* Charles Schuchert: op. cit., p. 551. 
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In their descriptions of the Kishacoquillas Gap section, both Dewees ® 
and Schuchert * evidently included these reddish sandstones in the Tus- 
carora, and placed the Tuscarora-Juniata contact about where it is here 
drawn, although the red beds are not mentioned by either. Red sand- 
stones have been included in the Tuscarora elsewhere. At Susquehanna 
Gap, near Harrisburg, Pennsylvania, there are red sandstones 140 to 170 
feet above the base of the Tuscarora, as delimited by C. K. Swartz and 
the writer.’ In western Maryland “the lowest beds of the Tuscarora 
formation are tinged red in places, so that it is difficult to draw a sharp 
line of demarkation between this formation and the underlying Juniata 
sandstone. In mapping the formations the plane of division has been 
drawn at the horizon at which the change of color is most rapid.” ® 

The boundary here used is thus drawn in accord with previous practice. 
The nature of the boundary, and consequently its bearing on the relations 
between the Tuscarora and the Juniata formations, presents another 
problem, and is of added interest in view of the controversy concerning 
the position of the Ordovician-Silurian junction in the Appalachian area 
and elsewhere in North America.® Schuchert apparently believes that 
there is a disconformity between the two formations at Kishacoquillas 
Gap,’® whereas Ulrich, in contrasting the usability of the pre-Juniata 
and post-Juniata boundaries, states: “On the other hand, as in the finely 
exposed section between Lewistown and Reedsville, Pennsylvania [i. e., 
at Kishacoquillas Gap] neither I nor other experienced stratigraphers 
could locate the boundary between the Juniata and Tuscarora sandstones 
within an apparently transitional zone of 50 feet thickness.” 1+ 


5 J. H. Dewees: ibid. 

Charles Schuchert : op cit., pp. 550-552. 

7 See Fig. 3, and C. K. and F. M. Swartz: Early Silurian formations of southeastern 
Pennsylvania, Bull. Geol. Soc. Am., vol. 42 (1931) p. 633. 

8C. K. Swartz: Maryland Geol. Survey, Silurian (1923) p. 27. 

®*The United States Geological Survey and the Maryland Geological Survey refer 
the Juniata red shale and sandstone, and the equivalent Queenston red shale of 
western New York and the Richmond beds of Ohio, to the Ordovician system. This 
view has been upheld by Jones (Jour. Geol., vol. 33 (1925) pp. 371-388), and others 
(see Schuchert: Bull. Geol. Soc. Am., vol. 36 (1925) pp. 343-350), and is here followed. 
On the other hand, Ulrich contends (Bull. Geol. Soc. Am., Vol. 37 (1926) pp. 279-348, 
and earlier papers) that the Juniata and the Tuscarora and their respective equivalents 
in North America are rather closely related both stratigraphically and paleontologically, 
whereas he believes that there is a marked break at the base of the Juniata and 
Richmond. He accordingly believes that the latter horizon provides the most usable 
boundary between Ordovician and Silurian systems in North America, although he 
apparently feels that both the Juniata and the Tuscarora are older than the base 
of the Silurian as currently defined in England. The matter is considered as yet 
unsettled by the Pennsylvania Geological Survey. 

10 Charles Schuchert: op cit., p. 551. 

nu. O. Ulrich: Relative values of criteria used in drawing the Ordovician—Silurian 
boundary, Bull. Geol. Soc. Am., vol. 37 (1926) p. 328. 
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The writer has not observed satisfactory evidence of a disconformity 
between the Juniata and the Tuscarora formations at Kishacoquillas 
Gap. The contact is not sharply defined. The change in color from the 
red sandstones of the upper Juniata to the gray and greenish sandstones 
of the basal Tuscarora is sufficiently rapid to establish the boundary 
within two or three feet, in the writer’s opinion, except for the possible 
view that the boundary should be drawn at the top of the red sandstones, 
here placed 145 to 260 feet above the base of the Tuscarora. There might 
also be some justification for placing the contact at the top of the inter- 
bedded arenaceous shale beds, about 22 feet above the plane of division 
here used. 

Study of the Juniata and the Tuscarora at Kishacoquillas Gap sug- 
gests several possible interpretations of their relationships that deserve 
consideration as working hypotheses in further investigations. Thus: 

(1) It is possible that there is interfingering between the Juniata 
and the Tuscarora formations. The red beds, here placed 145 to 260 
feet above the base of the Tuscarora at Kishacoquillas Gap, may well be 
equivalent in age to beds included in the upper part of the Juniata at 
other localities. 

(2) The reddish beds in the Tuscarora may be due to development 
of Juniata-like conditions of sedimentation in early Tuscarora time, with- 
out involving interfingering of Juniata and Tuscarora deposits. 

(3) Some of the reddish sandstones at the base of the Tuscarora 
might be interpreted as due to reworking of Juniata material at the 
beginning of Tuscarora sedimentation. This hypothesis could scarcely 
be applied to the reddish sandstones 145 to 260 feet above the base of the 
Tuscarora, except on the theory that the material was obtained by re- 
working of Juniata exposures at distant localities. The hypothesis 
might apply to some of the red sandstones here included in the top of 
the Juniata, but if so there should be a disconformity at their base. 

(4) If red coloration were disregarded, and discrimination based on 
other characters of the sediments, the boundary between the Juniata 
and the Tuscarora at Kishacoquillas Gap would probably be placed lower 
than it is here drawn. As seen on Long Mountain, much of the upper 
half of the Juniata is composed of soft red arenaceous shale, and some 
interbedded red argillaceous sandstone. The uppermost part of the 
Juniata, as indicated by the talus on Long Mountain and by partial ex- 
posure at Kishacoquillas Gap, is formed of somewhat cleaner sandstones, 
similar to those of the basal Tuscarora, except for their red color. It is 
possible that deposition of cleaner sands in late Juniata time began with 
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and was caused by the displacements ** that gave rise to the Tuscarora 
sediments, but that the conditions producing red coloration persisted 
for a while thereafter. If this were true, the beds here placed in the 
uppermost Juniata would belong with the Tuscarora, from the point 
of view of diastrophic history. At the same time, if it could be shown 
with better exposures that the change from the shaly beds of the Juniata 
to the interbedded sandstones and some shale here placed in the upper- 
most Juniata is very gradual, it might be best to place the boundary at 
the top of the fairly prominent interbedded shale beds, 22 feet higher 
than the plane of division here used. 

Arthrophycus alleghenensis and Scolithus tubes have been reported by 
Schuchert from the Tuscarora sandstone at Kishacoquillas Gap. The 
value of these fossils in age correlation is questionable. Other data 
bearing on the correlation of the Tuscarora will be considered under dis- 
cussion of the correlation of the Castanea sandstone. 


CASTANEA SANDSTONE 


The name, Castanea ** sandstone, is proposed for a body of red and 
green argillaceous sandstone that overlies the white sandstone beds of 
the upper Tuscarora through central Pennsylvania. The name is taken 
from Castanea, a suburb of Lock Haven, Pennsylvania. The formation 
is partly exposed along the dirt road in the neighboring gap in Bald 
Eagle Mountain. It can also be seen in part along State Highway 554, 


12 Although deposition appears to have been continuous from Juniata to Tuscarora 
time in the Lewistown area, consideration of adjoining areas shows that there were 
marked geographic changes at about the beginning of Tuscarora time. Thus, the 
Juniata is known for only a few miles east of Susquehanna Gap, near Harrisburg, 
Pennsylvania, whereas the Tuscarora and its equivalents extend inte easternmost 
Pennsylvania (see Fig. 3, and C. K. and F. M. Swartz: Bull. Geol. Soc. Am., vol. 42 
(1931) pp. 621-662) and there rest on the Martinsburg shale with a well-defined 
unconformity (see Fig. 3, and G. W. Stose: Bull. Geol. Soc. Am., vol. 41 (1930) 
pp. 629-658). It is also probable that there were important geographic changes in 
western New York, as is suggested in this paper in the discussion of the correlation 
of Tuscarora and Castanea sandstone. 

It might be added that at Kishacoquillas Gap the basal Juniata contact appears 
to be as transitional as the Juniata-Tuscarora boundary. The greenish sandstones 
of the Oswego formation pass upward into conglomeratic greenish sandstones, with 
pebbles of quartz and of green and a little red shale and other rocks, and these beds 
pass in turn into the conglomeratic pinkish and red sandstone beds of the lower part 
of the Juniata, without noticeable break. In view of this fact, and since it is not 
now known whether the Juniata disappears eastward by dropping out of lower or 
of upper beds, it is difficult to say whether the Juniata should be considered the 
closing phase of the cycle of sedimentation ended in the east by the Martinsburg— 
Tuscarora hiatus, or whether it should be considered to begin the sedimentation that 
continued through Tuscarora time. 

3%3The name Howard sandstone proposed for this formation in a previous abstract 
(Bull, Geol. Soc. Am., vol. 44 (1933) p. 101) proves to be preoccupied. 
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about half a mile south of South Williamsport, Pennsylvania. In the 
Lock Haven-Williamsport area the Castanea sandstone is about 75 feet 
thick. Much of it is dark red in color. Many of the beds are pierced 
by Scolithus tubes, and the bedding surfaces are frequently marked by 
irregular lumpy masses, suggestive of worm castings. The formation 
thins to the south and east, where it contains less red material. At 
Mount Union it is 58 feet thick, with 16 feet of dark-red sandstone. It 
is about 20 feet thick near Altoona, Pennsylvania, where it is largely red, 
and near Millerstown, Pennsylvania, where it contains less than 2 feet 
of red material. It is possibly represented in the section studied by 
Butts and Ulrich at Honey Grove, Pennsylvania, where about 20 feet 
of “vermillion and brownish red sandstone” is separated from the top of 
the exposed Tuscarora by a 40-foot concealed interval.** Ulrich con- 
siders these beds part of the Clinton group, and cites several fossils from 
them, including Zygobolba anticostiensis? 

At South Williamsport the upper part of the Castanea sandstone is 
composed of green sandstone with interbedded shale, and these beds 
seem to be closely related to the overlying Rose Hill shale. In the Mount 
Union-Lewistown area the formation seems to be more intimately related 
to the Tuscarora, the contact with that formation apparently being transi- 
tional. Judging from the thicknesses given for the Tuscarora at Kishaco- 
quillas Gap and elsewhere, the Castanea sandstone has evidently been 
included in that formation in previous work. It would have been con- 
sidered a member of the Tuscarora in this paper, except for the difficulty 
of treating it in section descriptions without naming the remaining beds. 

The Tuscarora sandstone has been traced by C. K. Swartz and the 
writer eastward from western Maryland into the lower part of the 
Shawangunk conglomerate of eastern Pennsylvania and the adjoining 
parts of New Jersey and New York,’® and southward into the Clinch 
sandstone of northeastern Tennessee.’® It has long been correlated in a 
general way with the Albion group of western New York.’ However, 
the only member of this group that is lithologically similar to the Tus- 
carora is the basal Whirlpool sandstone. 


44. O. Ulrich and R. S. Bassler: Paleozoic ostracoda; their morphology, classifica- 
tion, and occurrence, Maryland Geol. Survey, Silurian (1923) pp. 353, 354. 

%C. K. and F. M. Swartz: Age of the Schwangunk conglomerate of eastern New York, 
Am. Jour. Sci., 5th ser., vol. 20 (1930) pp. 467-474; Harly Silurian formations of south- 
eastern Pennsylvania, Bull. Geol. Soc. Am., vol. 42 (1931) pp. 621-662. 

%C, K. and F. M. Swartz: Silurian of the central Appalachians (abstract), Bull. 
Geol. Soc. Am., vol. 40 (1929) pp. 112-113. 

17C, K. Swartz: Correlation of the Silurian formations of Maryland with those of 
other areas, Maryland Geol. Survey, Silurian (1923) pp. 184, 185. 
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It is suggestive that in western New York the white Whirlpool sand- 
stone is underlain by the Queenston red beds, and is overlain by the 
Grimsby red and green argillaceous sandstone; whereas in central Penn- 
sylvania the white Tuscarora sandstone is underlain by the Juniata red 
beds, generally believed equivalent to the Queenston, and is overlain by 
the Castanea formation, which is comparable to the Grimsby. Both the 
Grimsby and the Castanea are overlain by lower Clinton deposits. Fur- 
thermore, the Castanea sandstone is best developed in that part of its 
belt of outcrop nearest western New York. Accordingly, it seems prob- 
able that the Grimsby and the Castanea are parts of one and the same 
lithologic body (see Fig. 2), and that the Whirlpool sandstone, 25 feet 
thick at Niagara Falls, and absent at Rochester, New York, is a thin 
tongue of the 750-foot Tuscarora sandstone of central Pennsylvania. It 
also seems possible that the unconformity 7* at the top of the Queenston 
at Rochester, New York, has about the value of the 750-foot Tuscarora 
of central Pennsylvania, and that there may be an unconformity of nearly 
equal magnitude between the Albion and the Queenston at Niagara Falls. 
These relationships favor the view of Kindle, Chadwick, and others that 
the term, Medina, ought not to be used to include the Queenston shale, 
but should be restricted to the Albion group, the latter name then being 
discarded.1® The matter is, of course, affected by the question of how 
accurately the Juniata-Tuscarora boundary in central Pennsylvania corre- 
sponds in age to the top of the Queenston of western New York. Fur- 
thermore, even if the Castanea and the Grimsby are parts of one deposit, 
they may vary somewhat in age. 


CLINTON GROUP 


The term, Clinton group, is used by the United States Geological Sur- 
vey to include the Rochester shale, as well as the beds between that shale 
and the Albion group in western New York, and their equivalents else- 
where in the Appalachian area. This procedure is here followed,?° 
although there are marked faunal changes between the pre-Rochester and 
the Rochester beds, particularly in the case of the ostracodes. With this 


1% An unconformity is reported at this position by Ulrich and Bassler: Maryland 
Geol. Survey, Silurian (1923) p. 328, and in a personal communication from G. H. 
Chadwick. 

® See E. M. Kindle: What does the Medina sandstone of the Niagara section include? 
Science, vol. 29 (1914) footnote, p. 917. 

2” The Pennsylvania Topographic and Geologic Survey is inclined to restrict the term, 
Clinton, to the pre-Rochester beds. 


VIII—Bvutu. Grou. Soc. AM., Vou. 45, 1934 
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usage, the Clinton group of central Pennsylvania comprises, in ascend- 
ing order, the Rose Hill shale, the Keefer sandstone, and the Rochester 
shale. 


Rose Hill shale 


The Rose Hill shale was named by C. K. Swartz from exposures near 
Cumberland, western Maryland.” The formation is about 725 feet thick 
at Mount Union and Lewistown, Pennsylvania. Here, as near Cumber- 
land, it is composed almost wholly of olive-green and purplish thin-bedded 
argillaceous shale. There are a few 1- or 2-inch beds of calcareous sand- 
stone scattered throughout. They are greenish or gray when fresh, ex- 
cept for several 1- to 3-inch purplish beds, 115 to 140 feet below the top 
of the formation at Lewistown. The latter apparently represent thinned 
western tongues of the purplish iron sandstones that are prominent in 
the Rose Hill farther east in Pennsylvania, as at Millerstown, Susque- 
hanna Gap, and elsewhere.” In the upper 50 to 60 feet of the forma- 
tion there are rather numerous 1- to 6-inch beds of highly fossiliferous, 
generally argillaceous, pinkish or greenish limestone. In the uppermost 
5 feet at Mount Union the limestone is more abundant, dark gray, and 
somewhat hematitic, and contains a 3-inch bed of odlitic hematite. The 
latter beds differ in lithology from the underlying sediments. 

Ulrich and Bassler have established the following ostracode zones in the 
Rose Hill of Maryland and parts of Pennsylvania, given in descending 
stratigraphic order : 

Zone of Mastigobolbina typus 
Bonnemaia rudis, with Zygosella nodifera 
“ “ Zygosella postica 
“  Mastigobolbina lata, with Zygobolbina conradi 
Zygobolba decora 
Zygobolba anticostiensis 
“ “ Zygobolba erecta 


The Zygobolbina emactata, Mastigobolbina lata, Bonnemaia rudis, and 
M. typus zones are represented in the Mount Union and the Lewistown 
sections. The lower 110 feet of the Rose Hill are concealed at both Mount 


2¢C. K. Swartz: Stratigraphic and paleontologic relations of the Silurian strata of 
Maryland, Maryland Geol. Survey, Silurian (1923) p. 28. 

2 See Fig. 3, and C. K. and F. M. Swartz: Early Silurian formations of southeastern 
Pennsylvania, Bull. Geol. Soc. Am., vol. 42 (1931) pp. 628, 632, 633, 637, 

2E. O. Ulrich and R. S. Bassler: Paleozoic ostracoda; their morphology, classifica- 
tion, and occurrence, Maryland Geol. Survey, Silurian (1923) pp. 349-391. 
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Union and Lewistown. It is possible that these concealed beds contain 
the Zygobolba erecta, Z. anticostiensis, and Z. decora zones, 

At Mount Union there is a zone of Zygobolba bimuralis and Mastigo- 
bolbina? retifera with Z. decora below the Zygobolbina emaciata zone, 
134 to 150 feet above the base of the Rose Hill. Z. bimuralis has been 
cited by Ulrich and Bassler from horizons in and a little above the zone 
of Z. emaciata, and it occurs, in part, with that species near Lewistown. 
At Mount Union, however, it does not seem to be associated with Z. 
emaciata, but is found instead below it, with Mastigobolbina? rettfera and 
Z. decora, as it is for the most part near Lewistown. Neither Z. bimu- 
ralis nor M.? retifera has been reported in the Z. decora zone by Ulrich 
and Bassler. At Franklin, Pennsylvania, the only locality at which M.? 
retifera has hitherto been cited, the relations of its horizon to the recog- 
nized zones are uncertain. The Z. bimuralis, M.? retifera zone is ap- 
parently a late expression of the Z. decora zone. 

The writer has not discovered Zygosella postica at either Mount Union 
or Lewistown. At Mount Union there is a considerable interval between 
the beds with Mastigobolbina lata and those with Zygosella nodifera and 
Bonnemaia rudis. Within this interval there is a lower zone with a 
variety of M. modesta in which the lashlike ridge is poorly developed, to- 
gether with Plethobolbina sulcata and a small variety of Beyrtchia kirkt; 
a higher zone contains Zygobolba n. sp. and Zygobolbina n. sp. near Z. 
emaciata. The lower of these zones is also present near Lewistown and 
might be considered representative of the Zygosella postica zone. 

For the most part the Mastigobolbina typus zone contains the species 
described from it elsewhere. Among its most characteristic fossils are 
the ostracodes Zygosella vallata, Z. vallata var. unicornis un. var.,2* Pletho- 
bolbina typicalis, and Dizygopleura loculata. Apatobolbina granifera 
occurs in a restricted subzone in the upper part. The brachiopods Chone- 
tes novascoticus and Anoplotheca sulcata and the trilobite Liocalymene 
clintoni are characteristic species, although they occur in lower beds as 
well. The specimens of Chonetes novascoticus occurring in this zone 
rarely have the strong median rib that is frequently seen in material from 
lower horizons. A Chonetes here identified as C. cornutus occurs at about 
the middle of the M. typus zone. 

At Mount Union, the uppermost five feet of strata included in the Rose 
Hill shale contain Iilaenus iorus and Rhynchotreta americana, neither 


%Z. vallata var. unicornis n. var. is close to Z. vallata var. nodifera Ulrich and 
Bassler (here listed as Z. nodifera), but has only one instead of two or three nodes 
on the inner slope of the anterior limb of the inner U-shaped ridge. It may be that 
the apparent absence of this node in Z. vallata is due to poor preservation. 
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of which has hitherto been reported from the formation. Both these 
species occur in the Rochester shale and underlying Irondequoit lime- 
stone of western New York, J. torus being particularly abundant in the 
latter beds. Other species of Rochester affinities occurring in the J. torus 
subzone at Mount Union are Spirifer radiatus, and a variety of Dalmani- 
tes limulurus which Ulrich and Bassler have named D. clintonensis,?° and 
which ranges down to the middle of the Mastigobolbina typus zone. The 
pygidium of this variety has ten or eleven annuli on the axis, and seven or 
sometimes eight pleurae on each lobe, whereas D. limulurus is said to have 
fifteen annuli on the axis and eight pleurae. The specimens in the 
Keefer sandstone at Mount Union and Lewistown, and part of the mate- 
rial in the Rochester shale at Lewistown, have the smaller number of 
segments seen in the Rose Hill material. 

The faunal sequence of the Rose Hill at Mount Union is more com- 
pletely shown in Figure 4. 

Ulrich and Bassler have recognized three divisions in the Clinton group 
of the Appalachian area.2* They have placed the Zygobolba erecta, Z. 
anticostiensis, and Z. decora zones in the lower Clinton; the Zygobolbina 
emaciata, Mastigobolbina lata, and Zygosella postica zones in the middle 
Clinton ; and have grouped the Bonnemaia rudis and M. typus zones with 
the Drepanellina clarki zone of the Rochester shale in their upper Clinton. 
They have furthermore proposed to unite the beds containing the upper 
three zones in Pennsylvania in the Lakemont formation, named from 
Lakemont, near Altoona, Pennsylvania.” 

Although there is little, if any, lithologic basis at Mount Union and 
Lewistown for the division of the Rose Hill shale into three parts, Ulrich 
and Bassler’s classification of the Clinton group can be adapted provi- 
sionally to the Rose Hill for purposes of comparisons with other sections. 
The presence of Zygobolba decora in the Z. bimuralis, Mastigobolbina? 
retifera zone places these beds at the top of the lower Rose Hill; the 
faunas of the Mastigobolbina modesta, Beyrichia kirki, and the Zygo- 
bolba n. sp., Zygobolbina aff. Z. emaciata zones at Mount Union place 
them at the top of the middle Rose Hill. 

On the other hand, the writer does not agree with the view that the 
upper Rose Hill beds containing the Bonnemaia rudis and Mastigobolbina 
typus zones ought to be united with the Keefer sandstone and the Roches- 
ter shale or Drepanellina clarki beds in the proposed Lakemont forma- 


% E. O. Ulrich and R. S. Bassler: op. cit., p. 379. 
% Op. cit., p. 324 et seq. 
7 Op. cit., footnote, p. 359. 
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Ficure 4.—Faunal sequence of Clinton Group 


Rose Hill shale and Keefer sandstone at Mount Union, Pennsylvania, and Rochester 
shale in the section near Granville Run, south of Lewistown, Pennsylvania. In the 
graph for each species, the horizontal lines represent actual occurrences, and the 
widths of these lines indicate relative abundance, very roughly. Chonetes cornutus, 
common at 700 feet, omitted by mistake. 
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tion in central Pennsylvania. Both lithologically and faunally the upper 
Rose Hill of this region is more closely allied to the underlying than to 
the overlying deposits. At Mount Union, Lakemont, and elsewhere in 
the area there is no suggestion of a lithologic boundary at the base of the 
Bonnemaia rudis zone, whereas the Keefer sandstone separates the Mas- 
tigobolbina typus and Drepanellina clarki zones and is very persistent. 
The olive-green and interbedded purplish shales of the upper Rose Hill 
are much like those of the underlying beds, whereas purplish shales do 
not occur in the D. clarki zone, at least in this area. The thin beds of lime- 
stone of the upper part of the Rose Hill are generally somewhat argilla- 
ceous, greenish or pinkish in color, and rarely pure and gray as are 
those of the D. clarki zone. At Center and Millerstown and farther east in 
Pennsylvania the purplish iron sandstones of the Bonnemata rudis and 
older beds of the Rose Hill are similar. 

The intimate faunal relations of the middle and upper Rose Hill are 
indicated in Figure 4. Liocalymene clintom and Chonetes novascoticus 
are common to the upper Rose Hill and underlying beds, the latter gen- 
erally being more common in the middle Rose Hill than it is at Mount 
Union. Anoplotheca sulcata of the upper Rose Hill is close to A. hemi- 
spherica of the lower beds. Among the ostracodes, no species is known 
to pass from the upper Rose Hill into the overlying beds. The ostra- 
codes of the upper Rose Hill also differ from those of the middle Rose 
Hill, but are much more intimately related. The upper Rose Hill Bey- 
richia kirki is represented in the middle Rose Hill by a close variety, and 
Plethobolbina typicalis of the former is very near P. sulcata of the latter. 
Ulrich and Bassler have shown that the most diagnostic Rose Hill ostra- 
codes are the members of the genera Mastigobolbina, Plethobolbina, and 
the four genera of the subfamily Zygobolbinae, namely Zygobolba, Zygo- 
bolbina, Zygosella, and Bonnemaia. Of these, Mastigobolbina is repre- 
sented by abundant and closely related species in both middle and upper 
Rose Hill, and Plethobolbina and Zygosella are common to the two divi- 
sions. Zygobolba and Zygobolbina are restricted to lower and middle 
Rose Hill and their equivalents, and Bonnemaia is restricted to the upper 
Rose Hill. Bonnemaia is rather closely related to Zygobolba. Neither 
Mastigobolbina nor Plethobolbina, nor any of the Zygobolbinae, is known 
to be represented in the Keefer sandstone or the Rochester shale. The 
diagnostic Drepanellina clarki of the Maryland-Pennsylvania Rochester 
shale is not close to any known Rose Hill species. The ostracode genera 
Paraechmina, Beyrichia, Kloedenella, and Dizygopleura are represented 
in both the Rose Hill and the Rochester formations, but continue into 
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post-Rochester deposits, and the first two are represented in the middle 
Rose Hill or even older beds. 

It is true that the upper Rose Hill contains species of definite Roches- 
ter affinities. These include Rhynchotreta americana, Spirifer radiatus, 
and Illaenus torus, all of which occur in the Rose Hill in only the upper- 
most beds, and Dalmanites limulurus var. clintonensis. These and some 
other species show that there was no long break between the Rose Hill and 
the overlying beds. At the same time, the faunal changes between the 
Rose Hill and the overlying rocks are distinctly more marked than those 
between middle and upper Rose Hill, and, in the writer’s opinion, neither 
the faunal nor the lithologic evidence supports the proposal to establish 
a “Lakemont formation” in central Pennsylvania. 

The abundant fauna, and particularly the well-marked ostracode zones, 
of the Rose Hill permit accurate correlations between these beds in cen- 
tral Pennsylvania and in western Maryland. The correlation of the Rose 
Hill of western Maryland with deposits of other areas has been discussed 
by C. K. Swartz ** and by Ulrich and Bassler.?* The hitherto unreported 
occurrence of Illaenus iorus and Rhynchotreta americana in the upper- 
most five feet of the Rose Hill at Mount Union is evidence of close affinity, 
although not necessarily of precise equivalence, of these strata and the 
Irondequoit limestone of western New York. 


Keefer sandstone 


In the Mount Union-Lewistown area the Keefer sandstone is 55 to 65 
feet thick. It consists of medium-bedded gray calcareous sandstone, 
weathering yellowish and rusty, and some interbedded shale, above, and 
somewhat arenaceous shale, with interbedded calcareous sandstone and 
gray more or less arenaceous limestone, below. Some of the limestone 
beds in the lower part contain odlitic hematite. 

The limestone beds here referred to the lower part of the Keefer sand- 
stone contain large Schuchertella subplana, Camarotoechia acinus, Spir- 
tifer niagarensis, a Whitfieldella near to but not identical with W. inter- 
media, Homalonotus delphinocephalus, and other fossils. This fauna is 
distinct from that of the uppermost beds here placed in the Rose Hill, not 
only because of the presence of the above species, but also because of the 
absence of Anoplotheca sulcata, Chonetes novascoticus, Liocalymene clin- 
toni, Mastigobolbina typus, Plethobolbina typicalis, Dizygopleura loculata, 


%C, K. Swartz: Correlation of the Silurian formations of Maryland with those of 
other areas, Maryland Geol. Survey, Silurian (1923) pp. 187-202. 
2% FE. O. Ulrich and R. S. Bassler: op. cit., pp. 324-391. 
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and other characteristic fossils of those beds. The Schuchertella sub- 
plana zone, as it is here named, is persistent throughout much of central 
Pennsylvania. 

The faunal change from the Mastigobolbina typus to the Schuchertelle 
subplana zone is so marked (Fig. 4) that it is here used as the chief 
basis for drawing the boundary between the Rose Hill and the Keefer 
formations. The lithologic change is not well defined. Indeed, on the 
grounds of lithology it might seem better to unite the five feet of shale 
and hematitic limestone here included at the top of the Rose Hill shale 
at Mount Union with the somewhat hematitic gray limestone and inter- 
bedded shale and sandstone of the Schuchertella subplana zone. If this 
were done, the apparent faunal relations of the Rose Hill and the Keefer 
would be considerably altered. 

The position of the Keefer sandstone of the Mount Union area be- 
tween the Mastigobolbina typus zone, below, and the Drepanellina clarki 
zone, above, indicates that it is closely equivalent to the Keefer sandstone 
of Maryland. The Schuchertella subplana zone is apparently absent in 
Maryland. 

The fauna of the S. subplana zone is closely related to the faunas of the 
Irondequoit limestone and the Rochester shale of western New York. 
At the same time, it is distinct in many ways from that of the post-Keefer 
Rochester shale of central Pennsylvania and western Maryland. These 
relationships are indicated in Figure 5. 


Rochester shale 

At Mount Union and at Lewistown the Keefer sandstone is overlain 
by 30 to 40 feet of calcareous drab-gray fossiliferous shale and occasional 
1- to 3- or rarely 6-inch beds of highly fossiliferous blue-gray limestone. 
The shale weathers to an olive-green color. These beds contain the 
Drepanellina clarki zone. 

The limestone beds and much of the shale contain a greater or less 
profusion of Stropheodonta proutyi n. sp.*° and var., Camarotoechia neg- 


*® The name Stropheodonta (Brachyprion) proutyi is here proposed for the abundant 
species of the Maryland—Pennsylvania Rochester shale that was considered the southern 
representative of Stropheodonta corrugata (Conrad) in Maryland (Maryland Geol. 
Survey, Silurian (1923) pp. 420, 421, pl. 16, figs. 4-9). S&S. proutyi is larger than 
typical 8. corrugata and rarely has even a suggestion of the peculiar cardinal corru- 
gations of that species; furthermore, typical 8. corrugata occurs in the pre-Rochester 
Clinton and apparently not in the Rochester shale of western New York, and occurs 
sparingly near the top of the Rose Hill shale at Lakemont, Pennsylvania. It accord- 
ingly seems desirable to restrict the name S. corrugata to material with distinct 
cardinal corrugations, such as that figured by Hall (Pal. New York, vol. 2 (1852) 
pl. 21, figs. 2a-c), or at least not to include specimens in which these corrugations 
are obolete, unless they are actually associated with typical material. 

8. proutyi exhibits the following features: shell semielliptical, cardinal margin 
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lecta, and Drepanellina clarki. Dalmanites limulurus and Homalonotus 
delphinocephalus are common throughout; Uncinulus stricklandi and 
Paraechmina spinosa occur in the lower third; P. postica, Kloedenella cor- 
nuta var. praenuntia, and Dizygopleura symmetrica are common in the 
upper part. These fossils show the strict equivalence of the beds con- 
taining them with the Drepanellina clarki zone of western Maryland, ex- 
clusive of the Whitfieldella marylandica zone. 

The essential equivalency of the Drepanellina clarki zone of Maryland 
and the Rochester shale of western New York has been established by 
Maryland workers.** It should be noted, however, that the ostracodes 
D. clarki, Paraechmina postica, and Kloedenella cornuta var. praenuntia 
are not known in the Rochester shale of New York, although these beds 
contain Paraechmina spinosa, P. abnormis, and Dizygopleura symmetrica 
in abundance. The absence of Drepanellina clarki in the New York 
Rochester is especially noteworthy, in view of its abundance and per- 
sistence in the D. clarki zone from western Maryland to Mount Union, 
Lewistown, and elsewhere in central Pennsylvania. It is possible that D. 


extended, distinctly auriculate; ventral valve gently convex, greatest convexity about 
one-third in front of the beak; cardinal area moderately high, longitudinally striate, 
hingeline not distinctly denticulate in the material seen; delthyrium fairly large, 
open, cast of this opening transversely striate, bordered by small notches that repre- 
sent low thickenings corresponding to dental plates; muscle scars not well defined. 
Surface marked by fairly coarse radial striae, about 12 to 15 in 5 mm at the anterior 
margin; these generally increase by implantation, and there are usually 1 to 3 or 4 
finer striae between more elevated and prominent ones. Concentric striae numerous, 
somewhat irregularly spaced, wavy, about 7 in 1 mm. B§xfoliated surface strongly 
punctilose. 

A large specimen measures: length 40 mm, width including ears 54 mm, below ears 
48 mm, convexity of ventral valve 4 to 5 mm, height of ventral area 2 mm. 

The original of fig. 4, pl. 16, Maryland Geol. Survey, Silurian {1923) may be 
considered the type of the species. It is named for Dr. W. F. Prouty, in honor of 
his part in the studies of the Silurian of Maryland. The species listed as 8S. aff. 
profunda (Hall) by Ulrich and Bassler in their description of the Clinton section at 
Lakemont, Pennylvania (Maryland Geol. Survey, Silurian (1923) p. 361), is appar- 
ently 8S. proutyt. 8. profunda is nruch more convex than 8. proutyi. 

8. proutyi is associated with a variety in which the ventral muscle scars are 
bordered post-laterally by rather strong ridges diverging at an angle of about 80 
degrees. This variety was identified as 8S. corruagta var. pluristriata (Foerste) in 
Maryland (Maryland Geol. Survey, Silurian (1923) p. 421, pl. 16, figs. 10-12). 
Foerste’s material, from the Clinton of Tennessee, is about 17 mm long and 25 mm 
wide, and has 8 or 9 radial striae in 2 mm at the anterior margin. It is some- 
what smaller, and has somewhat more numerous striae, than the Maryland-Pennsyl- 
vania variety of S. proutyi and is apparently close to the S. aff. 8S. pluristriata of this 
paper. 

As noted in the Maryland report, 8. proutyi tends to be replaced by the above- 
mentioned variety in the higher part of the Drepanellina clarki zone. In the present 
study the two forms have not been carefully separated. 

81C, K. Swartz: op. cit., pp. 198-202. 

E. O. Ulrich and R. S. Bassler: op. cit., pp. 386-391. 
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Ficure 5.—Faunal sequence of the Keefer, the Rochester, and the McKenzie formations 


Rochester and McKenzie formations at Granville Run, and Keefer sandstone along 
the Pennsylvania Railroad, near Lewistown, Pennsylvania. The occurrence of Dizygo- 
pleura brevisulcata in the McKenzie is interpolated from the Pennsylvania Railroad 
section. As in Figure 4, the horizontal lines represent actual occurrences, and the 
widths of these lines are roughly indicative of abundance. Names of fossils occurring 
in the Rochester shale or the Irondequoit limestone of western New York are printed 
with heavier letters. The ranges of Dalmanella elegantula and Leptaena rhomboidalis 
are of questionable significance, as the first extends well above the Whitfleldella mary- 
landica zone in the McKenzie of Maryland, and the second occurs in post-McKenzie 


deposits. 
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clarki is missing in western New York, because beds of its exact horizon 
are not present, and it is possible, also, that the D. clarkt zone of Mary- 
land and Pennsylvania is slightly younger than the type Rochester. 

As shown in the section near Granville Run, south of Lewistown, and 
elsewhere in central Pennsylvania, Stropheodonta proutyi, Camarotoechia 
neglecta, Homalonotus delphinocephalus, and Drepanellina clarki dis- 
appear abruptly and at the same stratigraphic horizon in this area. Fur- 
thermore, most of the species on which the Rochester age of the D. clarkt 
zone has been predicated are found only below this horizon. Accordingly, 
it is here proposed to use this paleontologic boundary as the top of the 
D. clarki zone, and also, provisionally, as the top of the Rochester shale 
of the region. The boundary does not coincide with any very marked 
lithologic change, although the next higher interbedded limestones tend 
to be somewhat arenaceous. It is definitely older than the horizon used 
for the top of the Rochester shale in western Maryland, where the Whit- 
fieldella marylandica zone, here referred to the basal McKenzie, was in- 
cluded in the upper part of the Rochester shale. The paleontologic fea- 
tures of these horizons are further indicated in Figure 5, and the rela- 
tions of the W. marylandica zone are discussed in greater detail under 
the description of the McKenzie formation. 


MC KENZIE SHALE AND LIMESTONE 


The McKenzie shale and limestone was named from a locality near 
Cumberland, western Maryland,** in which area it is 240 to 300 feet 
thick, At Mount Union the McKenzie is about 350 feet thick, and is 
divided into three members by a 70-foot bed of red shale, occurring a little 
above the middle of the formation. These members, with the charac- 
teristic faunal zones seen in central Pennsylvania, are as follows: 

The lower shale and limestone member is well exposed near Granville 
Run, south of Lewistown. At this locality the Whitfieldella marylandica 
zone is fourteen feet thick. The interbedded limestones of the lower part of 
this zone are gray and crystalline, and much like those of the underlying 
Drepanellina clarki zone ; but those at the base are nearly nonfossiliferous 
and somewhat arenaceous, while even in the more fossiliferous beds the 
absence of the large and abundant Stropheodonta proutyi, Camarotoechia 
neglecta, and abundant trilobite remains of that zone is conspicuous. 
The limestone beds of the upper part of the Whitfieldella marylandica 
zone are generally dense, dark colored, in part odlitic, and in part contain 


2G. W. Stose and C. K. Swartz: Description of the Pawpaw and Hancock quad- 
rangles [Md.-W. Va.-Pa.], U. S. Geol. Survey, Geol. Atlas U. S., Folio No. 179, fleld 
ed. (1912) p. 46. 
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some limestone conglomerate such as that considered a distinguishing 
feature of the basal McKenzie in Maryland. 

The fauna as well as the lithology of the lower part of the zone is dis- 
tinct from that of the upper part (see Fig. 5). W. marylandica is pro- 
fuse in several beds near the top of the zone and only rare or common 
in the lower part. The lower beds are characterized by a profusion of 


Bloomsburg red shale: 
Upper gray shale and | Kloedenella gibberosa, Beyrichia mesleri 
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Kloedenella nitida zone, in part with K- 
intermedia; contains subzones of Hormo- 
toma hopkinst and Orthoceras mackenzi- 
cum at Mount Union and farther south; 
also beds with Eukloedenella sulcifrons 
and E. simplex, and with Dizygopleura 
brevisulcata. 

Beyrichia moodeyi zone, with Kloedenella 

Lower gray shale and intermedia, Dizygopleura swartzi, and 
limestone member Reticularia bicostata, and with subzone of 
recurrent Kloedenia ventralis in lower 
part. 

Barren zone 

Whitfieldella marylandica zone, with Re- 
ticularia bicostata, and with Kloedenia 
ventralis subzone above, and Schucher- 
tella elegans, Kloedenella cornuta sub- 
zone below. 


McKenzie 
formation 


Rochester shale 


Paraechmina postica, together with Dizygopleura symmetrica, Kloeden- 
ella cornuta, and Schuchertella elegans. Of these, the two latter species 
are confined to these beds, while the other two occur also in the underlying 
Drepanellina clarki zone. Further evidence of Rochester affinities is 
found in the occasional occurrence of fragmental Dalmanites limulurus. 

None of the above species, save Whitfieldella marylandica itself, is 
found in the upper part of the zone. These upper beds are characterized 
by the profusion of W. marylandica in certain layers, and the occurrence 
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of Kloedenia ventralis,* an unnamed Kloedenella related to K. inter- 
media, and Beyrichia veronica. Dizygopleura conjugata ** occurs at the 
top of the W. marylandica zone, and apparently above the range of that 
species at some localities, as does D. reticulata. Beyrichia veronica oc- 
curs sparingly in the lower part of the W. marylandica zone. A recur- 
rent zone of Kloedenia ventralis is found in the lower part of the Bey- 
richia moodeyi zone of the McKenzie. 

In view of the important changes from the lower to the upper part of 
the Whitfieldella marylandica zone, and particularly because of the oc- 
currence of several Rochester stragglers in the lower beds, it might seem 
desirable to place the Rochester-McKenzie boundary at the middle instead 
of at the base of the zone. However, the lower horizon is more abrupt, 
and is well defined throughout central Pennsylvania. 

The barren zone overlying the W. marylandica zone is about twelve feet 
thick near Granville Run. It is formed of thin- to medium-bedded dense 
limestone, with a little interbedded shale. There is a small, apparently 
depauperate fauna near the base. This zone is a rather persistent feature 
of the lower McKenzie in central Pennsylvania. At many places the 
limestone beds contain lenses of limestone conglomerate. At Lakemont, 
near Altoona, Pennsylvania, the limestone conglomerate appears to oc- 
cupy wave-cut channels, which are seen in cross-section. Accordingly, 
these conglomerates appear to be intraformational. 

The beds of barren limestone are, in turn, overlain by limestone beds 
that are in part crowded with ostracode carapaces. These limestones 
are interbedded with gray calcareous shale, the whole having a thickness 
of about 160 to 180 feet near Lewistown. The lower 40 feet of these 
beds are characterized particularly by Beyrichia moodeyt. Associated 
with this species are Reticularia bicostata, which occurs also in the Whit- 


% Ulrich and Bassler recognized that this species has the essential characters of 
Kloedenia, although they placed it in the genus Drepanellina (Maryland Geol. Survey, 
Silurian (1923) p. 650). Because of the well-defined character of the brood pouch, 
the characters of the median and anterior lobes, the fine pitting of the surface, and 
other features, it seems to the writer that this species is very close to Kloedenia 
normalis of the McKenzie and is not related to D. clarki, the genotype of Drepanellina. 

% The writer has described Dizygopleura conjugata, D. reticulata, D. brevisulcata, 
and Kloedenella cornuta var. praenuntia, in a paper in the September, 1933, number 
of the Journal of Paleontology. Reasons are also presented for referring Dizygopleura 
intermedia Ulrich and Bassler, and PD. intermedia var. cornuta Ulrich and Bassler to 
Kloedenella, and for regarding Dizygopleura acuminata Ulrich and Bassler, D. proutyi 
Ulrich and Bassler and D. pricei Ulrich and Bassler, Kloedenella scapha Ulrich and 
Bassler, and Eukloedenella longula Ulrich and Bassler, as the females of Dizygopleura 
swartzi Ulrich and Bassler, Kloedenella cornuta (Ulrich and Bassler) and varieties, 
K. intermedia (Ulrich and Bassler), and Heukloedenella sulcifrons Ulrich and Bassler, 
respectively. Descriptions of other ostracodes mentioned in this paper will be found 
in the Silurian volume of the Maryland Geological Survey. 
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fieldella marylandica zone; Kloedenella intermedia, which continues into 
the K. nitida zone, but is more abundant here; Dizygopleura swartzt, 
which does not occur in the lower part of the range of Beyrichia moodeyi, 
and ranges higher than that species; and a recurrent variety of Kloedenia 
ventralis, restricted to about two feet in the lower part of the B. moodeyt 
zone, many of the specimens being indistinguishable from the material 
in the upper part of the Whitfieldella marylandica zone, whereas in others 
there is a tendency to develop a lobe just in front of the median sulcus 
and thus to approach the genus Kyammodes. 

The upper two thirds of these fossiliferous beds become increasing 
shaly, and are distinguished by Kloedenella nitida. At Mount Union the 
K. nitida zone contains the zones of Hormotoma hopkinsi and Orthoceras 
mackenzicum found in the middle part of the McKenzie in Maryland, 
although less well developed. There is a subzone of Eukloedenella sulci- 
frons that is of wide occurrence in central Pennsylvania. In the section 
along the railroad at Lewistown there is a subzone of Dizygopleura 
brevisulcata that is also seen at Lakemont, Pennsylvania. 

The 70 feet of unfossiliferous red shale above the middle of the 
McKenzie at Mount Union corresponds in position with, and is probably 
equivalent to, the Rabble Run red bed of the McKenzie in Washington 
County, Maryland.** This red bed thins to the south and west. It can 
be seen near Altoona and Bedford, Pennsylvania, and is possibly repre- 
sented by some thin beds of pinkish shale near the middle of the McKen- 
zie near Cumberland, Maryland. 

At Mount Union the Rabble Run red bed member is overlain by 70 
feet of gray shale, with some thin beds of fossiliferous limestone. The 
latter beds contain Camarotoechia andrewsi, Homeospira evax var. mary- 
landica, Beyrichia mesleri, Kloedenella gibberosa, Dizygopleura gibba, D. 
perrugosa, and Fukloedenella sinuata. All these fossils occur in the 
upper part of the McKenzie in western Maryland, all the ostracodes being 
confined to the upper McKenzie. 

The upper fossiliferous gray shale and limestone member of the Mc- 
Kenzie is not present, as such, near Lewistown. There are, however, 
some thin beds of pea-green shale in the Bloomsburg red shale at Lewis- 
town, and in one of these, 156 feet above the base of the Bloomsburg, a 
few poor ostracodes were found, apparently including Kloedenella gib- 
berosa. The beds below the base of the Bloomsburg at Lewistown con- 


%C, K. Swartz: Stratigraphic and paleontologic relations of the Silurian strata 
of Maryland, Maryland Geol. Survey, Silurian (1923) pp. 36-37. W. F. Prouty and 
Cc. K. Swartz: Sections of the Rose Hill and McKenzie formations, Maryland Geol. 
Survey, Silurian (1923) pp. 97-98. 
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tain the K. nitida zone of the upper part of the lower member of the Mc- 
Kenzie at Mount Union. Accordingly, it seems clear that at Lewistown 
the upper gray shale and limestone member of the McKenzie has passed 
laterally into red shale and, with the Rabble Run red bed seen at Mount 
Union, has been incorporated in the lower part of the Bloomsburg red 
shale. The base of the Bloomsburg is thus older at Lewistown than at 
Mount Union and farther south. On the other hand, the base of the 
Bloomsburg and the top of the McKenzie remains about constant in 
stratigraphic position from Lewistown to Danville, near Bloomsburg, 
where the K. nitida zone of the McKenzie is present below the base of the 
Bloomsburg. 

The well-defined ostracode zones of the McKenzie at Mount Union 
and at Lewistown appear to be present in the McKenzie of Maryland, 
thus affording accurate correlation. The Dizygopleura swartzi zone re- 
ported at the top of the McKenzie of Maryland, above beds with Kloeden- 
ella gibberosa, is not present at Mount Union. The Whitfieldella mary- 
landica zone, here included in the McKenzie, was referred to the Roches- 
ter shale in Maryland. 

The McKenzie strata of Maryland were included with the Rochester 
shale in the “Niagara formation” by Prouty in 1908, and were consid- 
ered Lockport in age.** Schuchert *’ and others had also considered 
them “Niagaran” in age. Ulrich subsequently concluded that the Mc- 
Kenzie is early Cayugan in age,** believing, largely from his studies of 
the ostracodes, that the McKenzie is separated from the underlying 
Rochester by a disconformity having at least the value of the Lockport 
limestone of western New York. This disconformity was placed at the 
top of the W. marylandica zone at Lakemont, Pennsylvania,*® and in west- 
ern Maryland. The difficulty of using the ostracode or other faunal evi- 
dence to establish a disconformity of any great value at the top of the 


3 W. F. Prouty : The meso-Silurian deposits of Maryland, Am. Jour. Sci., vol. 25 (1908) 
pp. 563-576. 

87 Charles Schuchert: On the lower Devonic and Ontaric formations of Maryland, 
Proc. U. S. Nat. Mus., vol. 26 (1903) p. 424. 

38 G. W. Stose and C. K. Swartz: op. cit., p. 40 et seq. E. O. Ulrich and R. S. Bassler: 
American Silurian formations, Maryland Geol. Survey, Silurian (1923) pp. 245-247. 
C. K. Swartz: Correlation of the Silurian formations of Maryland with those of other 
areas, Maryland Geol. Survey, Silurian (1923) pp. 202-206. 

39 W. marylandica is listed as Nucleospira pisiformis in the fossil list for the 
Drepanellina clarki zone at Lakemont (Maryland Geol. Survey, Silurian (1923) p. 361), 
the W. marylandica zone being included in the D. clarki zone, as was done in western 
Maryland. The faunal sequence of the Rochester and the lower McKenzie at Lakemont 
corresponds closely to that at Granville Run, as shown in Figure 4. 
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W. maylandica zone is indicated in Figure 5. In a recent abstract *° the 
writer presented data favoring the view that the McKenzie is of Lock- 
port age, at least in part. The McKenzie is here provisionally included 
in the Niagara series, even though its upper part clearly interfingers with 
the Bloomsburg red shale of the Cayugan series. 


BLOOMSBURG RED SHALE 


The Bloomsburg red shale is about 155 feet thick at Mount Union. 
At this locality it consists largely of brick-red argillaceous to slightly 
arenaceous shale, with few bedding planes, the shale breaking into irreg- 
ular hackly fragments. There is a more arenaceous member, 65 to 90 
feet above the base. The 30 feet of interbedded red and green shale 
included in the top of the Bloomsburg might well be referred to the Wills 
Creek shale. 

The Bloomsburg thickens to about 330 feet near Lewistown. As has 
been shown, this thickening is mostly due to incorporation of the upper 
part of the McKenzie formation. In part, too, the thickening may be 
due to lateral passage of some basal beds of the Wills Creek shale into 
red shale. These changes between Mount Union and Lewistown are 
symptomatic of the thickening of the Bloomsburg from a few feet near 
Cumberland, Maryland, to about 2000 feet in eastern Pennsylvania.** 

The Bloomsburg red shale being unfossiliferous, its correlation must 
be determined from its lithologic and stratigraphic relations. The brick- 
red color and the manner of weathering to hackly fragments are char- 
acteristic features through central Pennsylvania. 

The base of the Bloomsburg rests on the Kloedenella nitida beds of 
the McKenzie at Lewistown, as in the type area near Bloomsburg, Penn- 
sylvania.*? The top of the Bloomsburg is probably younger in the type 
area than at Lewistown, although the comparative ages are not now 
known with certainty. As has been shown, the lower part of the Blooms- 
burg at Lewistown interfingers with the upper part of the McKenzie 
farther south (Fig. 2). It is also manifest that the Bloomsburg in part 
passes laterally into the lower beds of the Wills Creek to the south and 
west. The Bloomsburg member of the Wills Creek shale of western Mary- 
land is, accordingly, only a small tongue from the middle part of the 
Bloomsburg at Lewistown. 


40oF, M. Swartz: Correlation of the McKenzie shale (abstract), Bull. Geol. Soc. Am., 
vol. 41 (1930) pp. 117-118. 

“1 See Fig. 3, and C. K. and F. M. Swartz: Harly Silurian formations of southeastern 
Pennsylvania, Bull. Geol. Soc. Am., vol. 42 (1931) pp. 661, 662. 

“ K. nitida is present in the upper half of the McKenzie in the section at Danville, 
Pennsylvania, described by C. K. and F. M. Swartz: op. cit., pp. 629-631. 
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In the opinion of C. K. Swartz and the writer the Longwood-Medina 
and High Falls red shales of New Jersey and southeastern New York 
and the Vernon red shale of western New York are parts of the Blooms- 
burg red shale.** The comparative ages of the boundaries of the Blooms- 
burg in central Pennsylvania and of the Vernon red shale in western 
New York are uncertain. (Compare Fig. 2.) 


WILLS CREEK SHALE 


The Wills Creek shale was named by Stose from exposures near Cum- 
berland, Maryland.** The formation is 455 feet thick at Mount Union. 
The lower 390 feet consists largely of thick-bedded shale or mudrock 
that weathers to a peculiar pea-green color and into hackly fragments 
similar to those characteristic of the Bloomsburg red shale. There is 
a subordinate amount of thin-bedded to laminated, argillaceous lime- 
stone and calcareous shale. The upper 65 feet are weathered with limo- 
nitic staining, and are possibly somewhat more calcareous than the under- 
lying beds. Pea-green hackly shale is also predominant in the Wills 
Creek at Lewistown, where the formation is at least 500 feet thick. It 
may be as much as 750 feet thick at Strodes Mills. There are occasional, 
mostly thin, beds of pinkish shale in the lower 290 feet of the Wills 
Creek at Mount Union. These beds are more numerous, deeper red in 
color, and occur as high as 375 feet above the base of the formation at 
Lewistown. 

Although fossils are fairly numerous in the Wills Creek in western 
Maryland, the writer has found only a few zones of poorly preserved 
Leperditias in the formation at Mount Union and Lewistown. However, 
the lithology of the beds referred to the Wills Creek in the latter area, and 
their relationships to the Bloomsburg and the McKenzie below and to the 
Tonoloway above, indicate that they are essentially equivalent to the type 
Wills Creek of western Maryland. 

In western Maryland, the Bloomsburg red shale is so thin that it has 
been considered a basal member of the Wills Creek. In the Mount Union 
area the Bloomsburg has so thickened that it should be considered a 
separate formation. Because of the interfingering of the Bloomsburg 
and the Wills Creek, it is evident that this thickening is in part due to 
replacement of the basal part of the Wills Creek by red shale, and it is 
clear that the base of the Wills Creek is younger in the Mount Union area 
than in western Maryland. Furthermore, the development of red and 


#C. K. and F. M. Swartz: op. cit., pp. 656-658. 
“ G. W. Stose and C. K. Swartz: op. cit., p. 51. 


IX—Bouuu. Grou. Soc. AM., Vou. 45, 1934 
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pinkish tongues in the Wills Creek, increasingly numerous from Mount 
Union to Lewistown, the scarcity of fossils, the predominance of green 
hackly shale rather than the somewhat more calcareous shale seen in the 
Wills Creek in western Maryland, are all indicative of lateral passage of 
the Wills Creek of central Pennsylvania into red shale toward the east.*® 

The relations of the Wills Creek-Tonoloway boundary at Mount Union 
and in western Maryland are discussed under the description of the lat- 
ter formation. 

Ulrich “* and Swartz *” have concluded that the Wills Creek of western 
Maryland is equivalent to some part of the Cayugan series of western 
New York. However, the data now available are not sufficient to deter- 
mine its exact relations to the several members of that series. (Com- 
pare Fig. 2.) 

TONOLOWAY LIMESTONE 

Accepting the boundaries here used, the Tonoloway limestone is about 
820 feet thick at Mount Union and about 790 feet thick at Strodes Mills, 
near Lewistown. At Mount Union the following lithologic divisions 


can be recognized, given in stratigraphic order: 
Feet 
Hard, fairly pure, in part thinly laminated limestone, mostly decent 
Impure argillaceous, probably dolomitic limestone, the inane 200 feet 
weathering buff and earthy, the lower part weathering grayish. 
Basal 85 feet mostly concealed, may belong with underlying beds .... 385 
Thin- to medium-bedded, hard, in part laminated, comparatively pure 
limestone. Contains in upper part a zone of Hindella congregata with 
Zygobeyrichia regina and other ostracodes ........... 145 
Argillaceous limestone and drab-gray calcareous shale, with 40 feet of 
calcareous shale at top, that weathers green and somewhat hackly.... 160 
Hard limestone, weathering bluish gray ......... 9 


The lithologic sequence is similar at Strodes Mill, near Lewistown. 
At this locality there is a zone of Welleria obliqua about 100 feet above 
the base of the Tonoloway ; Beyrichia tonolowayensis occurs with Hindella 
congregata in the middle part; and Zygobeyrichia ventripunctata occurs 
60 feet below the top. 

Although fossils are much less abundant and varied in the Tonoloway 
in the Mount Union area than in Maryland, comparison of lithologic 
and faunal sequences permits fairly detailed correlation. The follow- 


* See Fig. 3, and C. K. and F. M. Swartz: op. cit., fig. 2, p. 660. 

«G. W. Stose and C. K. Swartz: op. cit., p. 50; E. O. Ulrich and R. S. Bassler: 
op. cit., p. 267. 
“°C. K. Swartz: op. cit., pp. 208-211. 
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ing lithologic divisions and faunal zones are present in the fine section 
at Pinto, south of Cumberland, Maryland.*® 


Feet 

Upper argillaceous limestone, with Zygobeyrichia ventripunctata ........ 5 

Upper calcareous shale with interbedded limestone 
Middle purer limestone beds, with Hindella congregata and other fossils, 

including Z. ventripunctata and Welleria obliqua 290 

Lower calcareous shale and limestone, with W. obliqua .............+.+. 185 


The lithologic divisions of the Tonoloway at Pinto are thus very simi- 
lar to those at Mount Union, although at the latter locality the upper 
purer limestone beds are thicker, the middle purer limestones are thinner, 
and the total thickness of the Tonoloway is greater. The occurrence of 
the Hindella congregata zone in the middle purer beds in both areas, with 
zones of Welleria obliqua below, and of Zygobeyrichia ventripunctata 
above, indicates relatively close equivalence of the several parts of the 
formation. At the same time, the faunal zones are not sufficiently well 
developed in the lower and upper beds in the Mount Union area to show 
precise equivalence of the base and top with the respective boundaries of 
the Tonoloway in Maryland, and it seems improbable that the basal 10- 
foot limestones of the two areas are parts of one continuous bed. 

As has been shown by Reeside *® and the writer,®® following C. K. 
Swartz,® the lower Keyser of central Pennsylvania is equivalent to the 
lower Keyser of western Maryland, and to the Decker limestone of eastern 
Pennsylvania and New Jersey. The upper part of the Tonoloway is 
directly overlain by the lower Keyser at Mount Union and at Lewistown, 
and may correspond to the Bossardville limestone, which underlies the 
Decker limestone in eastern Pennsylvania and New Jersey.*? As the 
Bossardville is only 40 to 50 feet thick, it probably corresponds to only a 
small part of the Tonoloway at Mount Union. The known fauna of 
the Bossardville is too meager to be of value in correlation. 


#C, K. Swartz: Sections of the Wills Creek and Tonoloway formations, Maryland 
Geol. Survey, Silurian (1923) pp. 114-120, and table, p. 46. The Indian Springs sandstone 
and red beds of the table are not seen at Pinto, but occur farther east. 

# J, B. Reeside, Jr.: The Helderberg limestone of central Pennsylvania, U. S. Geol. 
Survey Prof. Pap. 108 (1917) pp. 193-197. 

so FW, M. Swartz: The Helderberg group from central Pennsylvania to southwestern 
Virginia, Proc. Pennsylvania Acad. Sci., vol. 3 (1929) pp. 75-88; reprinted with local 
sections in Pennsylvania, Bull. 4, School Min. Ind. Exp. Sta., Pennsylvania State Coll. 
(1929). 

SC, K. Swartz: Correlation of the Lower Devonian, Maryland Geol. Survey, Lower 
Devonian (1913) pp. 110-113. 

521, C. White: The Geology of Pike and Monroe counties, 2nd Geol. Survey Pennsylvania, 
Rept. G6 (1882) pp. 141-145. 
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The available data are not adequate to show the age relationships of 
the Tonoloway with the Bertie limestone and the Camillus shale of 
western New York. However, the Bertie is probably a tongue from 
some part of the Tonoloway of central Pennsylvania. 


HELDERBERG GROUP 


In western Maryland,** central Pennsylvania,®* and West Virginia and 
Virginia *° the term, Helderberg group, has been extended to include 
not only Coeymans, New Scotland, and Becraft limestones, but also pre- 
Coeymans Keyser limestone. The Keyser has, accordingly, been referred 
to the Lower Devonian in the above areas, although it is clearly equivalent 
to Decker, Rondout, and Manlius limestones of New Jersey and their 
correlates in southeastern New York, which have been regarded as 
Silurian in age in those States. The correlation and classification of the 
Keyser are further discussed in the papers cited. 

Sections of Keyser, Coeymans, and New Scotland limestones at Maple- 
ton, three miles west of Mount Union, and at Mount Rock, Lewistown, have 
been described in detail by Reeside.** Although the present paper is not 
primarily concerned with these formations, they are briefly described be- 
cause they are continually exposed above the Tonoloway limestone at 
Mount Union. There, the Keyser limestone is about 160 feet thick. 
As in western Maryland and through central Pennsylvania, the lower 
beds are thick-bedded and lumpy, whereas the upper beds are platy and 
laminated, and suggestive of the Tonoloway. The contact of the nodular 
beds with the Tonoloway is well defined and at Strodes Mills is sugges- 
tive of a disconformity. 

Much of the Keyser is fossiliferous. Only a few of the species occur- 
ring in it are cited in the description of the Mount Union section. The 
zones of Camarotoechia gigantea and Merista typa in the middle part of 
the Keyser are of interest because of their persistence southward into the 
Virginias. C. gigantea has not hitherto been reported from the Keyser 
in Pennsylvania. 

The Coeymans limestone in part contains an abundance of small 
Gypidula cf. G. coeymanensis. The contact with the Keyser is not ex- 


58 E. O. Ulrich: Revision of the Paleozoic systems, Bull. Geol. Soc. Am., vol. 22 
(1911) p. 590. Charles Schuchert, C. K. Swartz, T. P. Maynard, and R. B. Rowe: 
The Lower Devonian deposits of Maryland, Maryland Geol. Survey, Lower Devonian 
(1913) pp. 85, 86, 96-102, 105-120. 

% J, B. Reeside, Jr.: op. cit., pp. 185-225; F. M. Swartz: op. cit., pp. 75-78. 

SF. M. Swartz: The Helderberg group of parts of West Virginia and Virginia, U. 8. 
Geol. Survey Prof. Pap. 158 (1929) pp. 27-75, particularly pp. 48-51. 

86 J. B. Reeside, Jr.: op. cit., pp. 209-214. 
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posed at Mount Union. This contact appears to be disconformable far- 
ther west near Hollidaysburg, Pennsylvania,®’ and elsewhere. Only 
part of the New Scotland limestone is exposed at Mount Union. The 
lower beds here included in this formation lack the Spirifer macropleurus 
fauna of the higher beds, and might well be referred to the Coeymans. 
The Becraft limestone is not present at Mount Union or elsewhere in 
central Pennsylvania, the New Scotland being overlain instead by the 
Shriver chert member of the Oriskany group. 


SUMMARY 


The results of the present study can be summarized as follows: 

1. Tuscarora sandstone, Rose Hill shale, Keefer sandstone, Rochester 
shale, McKenzie shale and limestone, Bloomsburg red shale, Wills Creek 
shale, and Tonoloway limestone of the Silurian of western Maryland 
pass northward, with some alterations, into the area around Mount 
Union, Pennsylvania. 

2. At the top of the white Tuscarora sandstone in central Pennsylvania 
there is a persistent body of red and green argillaceous sandstone for 
which the name, Castanea sandstone, is proposed. 

3. The Castanea sandstone is best developed in that part of its belt 
of outcrop nearest western New York. It may well be equivalent to 
the red and green Grimsby sandstone of the Albion group of western 
New York. Accordingly, it is possible that the Whirlpool sandstone of 
western New York is a thin tongue from the pre-Castanea Tuscarora 
and that the disconformity between the Grimsby and the Queenston at 
Rochester, New York, has about the value of the 750 feet of sandstone 
included in the Tuscarora near Lewistown, Pennsylvania. 

4. The Rose Hill shale at Mount Union and Lewistown is very similar 
to the typical Rose Hill shale in western Maryland. The ostracode zones 
are largely the same and provide detailed correlation. The ranges of the 
fossils found in the Rose Hill at Mount Union are shown in detail in a 
diagram (p. 115). 

5. Although the upper Rose Hill contains a good many species of 
Rochester affinities, there is a marked faunal change at the top of the 
Rose Hill. It is believed that neither the lithologic nor the faunal 
evidence favors the grouping of upper Rose Hill, Keefer sandstone, and 
Rochester shale in the “Lakemont formation” in central Pennsylvania, 
as has been proposed by some authors. 


3K. M. Swartz: The Helderberg group from central Pennsylvania in southwest 
Virginia, Bull. 4, School Min. Ind. Exp. Sta., Pennsylvania State Coll. (1929) p. 19. 
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6. There are several 1- to 3-inch beds of purplish sandstone, 115 to 
140 feet below the top of the Rose Hill shale at Lewistown. These appear 
to be western tongues of the purplish iron sandstones so prominent in 
the middle Rose Hill farther east in Pennsylvania. 

7. The lower part of the Keefer sandstone consists of arenaceous lime- 
stone and shale and subordinate sandstone in the Mount Union area. 
These beds are characterized by Schuchertella subplana, Whitfieldella 
n. sp. aff. W. intermedia, and other fossils of Rochester shale affinities. 
This zone is persistent through much of central Pennsylvania. 

8. The Rochester shale at Mount Union and Lewistown, Pennsylvania, 
as in western Maryland, is characterized especially by the ostracode 
Drepanellina clarki. The D. clarki zone may prove to be a little younger 
than the type Rochester shale of western New York. 

9. The top of the range of D. clarki and certain associated fossils is 
sharply defined at Lewistown and elsewhere in central Pennsylvania. 
This horizon is here considered the top of the D. clarki zone, and is pro- 
visionally used as the top of the Rochester shale of the area. The over- 
lying W. marylandica zone is provisionally referred to the base of the 
McKenzie formation, although it was included in the D. clarki zone and 
in the Rochester shale in western Maryland. The faunal relations of 
the Keefer sandstone, the Rochester shale, and the McKenzie formation 
at Lewistown are shown in detail in a diagram (p. 120). 

10. At Mount Union, the McKenzie shale and limestone consists of a 
lower gray shale and limestone member, a middle red shale member, 
and an upper gray shale and limestone member, the lower member com- 
prising more than half the total thickness. The lower and upper mem- 
bers contain a sequence of diagnostic fossil zones. The middle red shale 
member apparently corresponds to the Rabble Run red bed of the 
McKenzie of Maryland. 

11. In passing from Mount Union to Lewistown, the upper member 
of the McKenzie disappears as such. It is clear that these beds have 
passed laterally into red shale and, with the middle member of the 
McKenzie at Mount Union, have merged with the Bloomsburg red shale. 
In other words, the red shale member of the Mount Union McKenzie 
is a tongue from the basal Bloomsburg red shale at Lewistown; whereas 
the McKenzie at Lewistown is equal to only the lower member of the 
McKenzie at Mount Union. This view is fully supported by the faunal 
zones. 

12. In western Maryland, the Bloomsburg red shale is thin, and has 
been considered a member of the Wills Creek shale. In the Mount 
Union area it is thicker, and should be considered a separate formation. 
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This thickening occurs not only by changes in the upper McKenzie, but 
also by lateral passage of basal beds of the Wills Creek into red shale. 

13. In the Mount Union area the Wills Creek shale is nearly barren 
of fossils and contains a good many thin beds of pinkish shale. At 
Lewistown these beds are redder and more numerous. These changes 
are evidence of the passage of the Wills Creek into red shale toward the 
east, where the Bloomsburg red shale is much thicker than at Lewistown. 

14. At Mount Union, as in western Maryland, the Tonoloway lime- 
stone consists of basal pure limestone beds, lower shale and impure lime- 
stone beds, middle purer limestone beds, upper impure limestone and 
shale beds, and upper purer limestone beds. The Tonoloway is thicker 
at Mount Union than in Maryland. The middle purer limestone beds 
are thinner, and upper purer limestone beds are thicker. 

15. The Tonoloway is less fossiliferous in the Mount Union area than 
in Maryland. However, the middle Tonoloway Hindella congregata 
zone is present, and other faunal evidence favors the view that the upper 
and lower limits of the Tonoloway are about the same in the two regions. 
Although their exact relations are obscure, the Bossardville limestone 
of eastern Pennsylvania and the Bertie limestone of western New York 
are probably tongues from the Tonoloway limestone of central Penn- 


sylvania. 
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INTRODUCTION 


The Boston Basin contains nearly 200 drumlins, and for many of 
these we now have data about the formations upon which they rest. The 
relation of these drumlins to the other glacial deposits and to bedrock 
gives information about the age of the various formations and evidence 
as to the number of glaciations that have affected this region. 


* Manuscript received by the Secretary of the Society, June 5, 1933. 
+ This paper is an expansion of the paper entitled “Relation of the drumlins to the 
Glacial Clay of the Boston Basin.” 
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The topography of the Boston Basin is now much less rugged than it 
was just before the last glaciation, owing largely to the fact that the 
deep valleys in the rock surface are now partly filled with glacial deposits. 
Despite the lowland character of the basin, the differences of elevation 
of bedrock are more than 400 feet, the higher parts being generally con- 
glomerate and the lower parts slate. Several deep valleys in the rock 
surface, with their bottoms about 200 feet below sea level, cross the area.* 
The lower part of the basin is filled with clay, which has a maximum 
elevation of some 30 feet above sea level. Drumlins occur in all parts 
of the basin, and as the base level in relation to which they were built 
is more than 200 feet below sea level, some are entirely below, and others 
have their bases 200 feet or more above, sea level. 

Many of the drumlins rise directly out of clay flats, yet the actual con- 
tact of the drumlin till and the surrounding glacial clay is usually 
obscured. In fact, there has been so little evidence as to the nature of 
the contact that two theories have been held concerning the relation of 
the drumlins to the glacial clay. According to one theory, the drumlins 
rest directly upon bedrock, and the clay is younger than the drumlins; 
according to the other theory, some of them were deposited upon clay, 
and part of the clay is older than the drumlins and is of interglacial 
origin. 

The theory that the drumlins were deposited directly upon rock during 
the last glaciation and that the clay was younger than the drumlins 
was maintained by W. O. Crosby.2, Shimer * held the clay to be post- 
glacial, and Upham * believed that the drumlins and clay were deposited 
about the same time at the close of the last glaciation and that the 
drumlins did not lie upon the clay. 

That at least some of the drumlins were deposited upon the clay, and 
that at least part of the clay was older than the drumlins and was depos- 
ited prior to the last glaciation, was held by Marbut and Woodworth.® 


1W. O. Crosby: A study of the geology of the Charles River estuary and the forma- 
tion of Boston Harbor, Report of the Committee on Charles River Dam, Boston, 1903; 
generalized contour map of bed rock surface of the Boston area, opposite p. 350. 

I, B. Crosby: The earthquake risk in Boston, Jour. Boston Soc. Civ. Eng., vol. 10 
(1923) ; detailed bed rock contour map of central Boston, opposite p. 424. 

2 W. O. Crosby: A study of the Charles River estuary and Boston Harbor, with special 
reference to the building of the proposed dam across the tidal portion of the river, 
Technology Quart., vol. 16 (1903) pp. 64-92. 

3H. W. Shimer: Post-Glacial history of Boston, Proc. Am. Acad. Arts and Sci., vol. 53 
(1918) pp. 441-463. 

* Warren Upham: Drumlins containing or lying on modified drift, Am. Geologist, vol. 
20 (1897) pp. 383-387. 

5C, F. Marbut and J. B. Woodworth: The glacial brick clays of Rhode Island and 
southeastern Massachusetts, U. S. Geol. Survey 17th Ann. Rept., pt. I (1896) pp. 989-998. 
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Clapp ® believed that the main mass of the drumlins was deposited 
during the Montauk glaciation, the clay in the following interglacial 
period, and that during the Wisconsin glaciation a layer of till was laid 
over the drumlins. Fuller’ stated that the drumlins were probably of 
Illinoian age. Drumlins, apparently with till over cores of clay, were 
described by Brown,*® who believed that the clay was interglacial. More 
recently, LaForge® has stated that the drumlins were formed during 
the last glaciation, but that the clay was deposited before that time. 

The belief has recently been expressed that the last glaciation did not 
cover the Boston area,’° but as the evidence for this view has not been 
published, it will not be discussed here. On account of this new theory, 
however, the term “last glaciation” may be interpreted here as the last 
glaciation that covered the Boston Basin, and, unless the correctness of 
this new theory is proved, the last glaciation of this area would be the 
same as for the rest of New England and adjacent regions. 

Since these earlier studies were made, new evidence in the form of 
records of borings and excavations has become available, and it now 
seems worth while to discuss thoroughly the relation of the drumlins 
to the clay, and the age of the clay. In the present study, use has been 
made of the records of numerous borings and excavations and of personal 
observations of excavations and exposures. Approximately 7000 boring 
and excavation records have been studied, very few of which were avail- 
able when the previous articles were published."* 

In the study of this new data other interesting information about the 
clay and the drumlins has been brought out. Gullies in the clay surface 
and weathered clay below sea level give evidence as to the amount of 
submergence that has taken place in postglacial time. 

It has long been believed that some of the drumlins rest directly upon 
rock, but the evidence of Woodworth and Brown has been considered as 


¢F. G. Clapp: Complerity of the glacial period in New England, Bull. Geol. Soc. Am., 
vol. 18 (1908) pp. 505-556. 

™M. L. Fuller: Glacial stages in southeastern New England and vicinity, Sci., n. s., 
vol. 24 (1906) pp. 467-469. 

8R. M. Brown: Clays of the Boston Basin, Am. Jour. Sci., vol. 14 (1902) pp. 445-450. 

®Laurence LaForge: Geology of the Boston area, Massachusetts, U. S. Geol. Survey 
Bull. 839 (1932) pp. 50-61, 79-87. 

1 Kirk Bryan: New criteria applied to the glacial geology of southeastern Massachu- 
setts, Bull. Geol. Soc. Am., vol. 43 (1932) p. 176. 

2 Part of the boring data was collected by W. O. Crosby and part by the writer, but 
the major portion has been collected recently, under the direction of the writer, by the 
Emergency Planning and Research Bureau and the Subsoil Committee of the Boston 
Society of Civil Engineers. 
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limiting this theory and prohibiting the assumption that a drumlin 
usually rests directly upon rock. The present study proves that the 
great majority, if not all, do rest directly upon bedrock. Distinction 
will be made, however, between those upon a platform of rock and those 
which have rock cores rising inside the drumlin. 


DESCRIPTION OF THE DRUMLINS 
GENERAL STATEMENT 


There are about 180 drumlins in the Boston Basin, the highest being 
Lyman Hill in Brookline with a summit elevation of 340 feet, but as 
the base of this hill is some 200 feet above sea level, its actual height is 
much less than that of some drumlins about the harbor which appear 
lower but have their bases well below sea level. The drumlins consist 
of boulder clay, yellowish at the surface but bluish where it is unweathered. 
The average direction of their axes is about S. 55° E., which is approxi- 
mately the direction of the last movement of the ice. Their trend is more 
easterly in the eastern part of the basin and more southerly along the 
southern border. Apparently, the ice in the eastern part was influenced 
in its movement by the eastward slope of the ground and by the con- 
tinuous wall along the south side of the basin; but where it passed over 
this wall, it resumed its southerly course.!* 

The drumlins for which information is available will now be considered 
by districts, giving special attention to those drumlins in the lower part 
of the Boston Basin that rise directly out of the clay and give evidence 
as to the relation between the drumlins and the clay. For some it is 
impossible now to determine whether they rest directly upon bedrock or 
not, but for 62 of them it is now proved that they do. About one quarter 
of these are known to have rock cores, and some of the others rest upon 
rock hills or ridges. Absence from this list does not mean that a drumlin 
does not rest directly on rock, but means merely a lack of definite infor- 
mation about its foundations. The drumlins mentioned are shown on 
the map (Fig. 1). 

Elevations in Boston are commonly referred to the Boston Base, which 
is 5.64 feet below mean sea level and is approximately mean low tide. 
The Cambridge Base is 4.98 feet lower than the Boston Base, but for 
convenience all elevations given in this article refer to the Boston Base. 


122,W. O. Crosby: Geology of the Boston Basin, Boston Soc. Nat. Hist., Occ. Pap. IV, 
vol. 1 (1893) pp. 140, 141. 
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Ficure 1.—Drumlins of the Boston Basin 


EAST BOSTON DRUMLINS 


East Boston consists of several drumlins connected by areas of flat 
land underlain by silt and clay. Extending under the center of East 
Boston, from northwest to southeast, is a deep bedrock valley about 160 
feet below low tide. In the southeastern part of East Boston, the East 
Division drumlin, formerly known as Camp Hill, rises 50 feet above 
low tide and is south of the bedrock valley. Under the south end of 
this hill, borings show rock rising to 13 feet above low tide and falling 
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off in all directions, indicating that this drumlin has a rock core which 
is off-center. Till extends down to bedrock, proving that the drumlin 
does not rest upon clay. Eagle Hill, in the northwestern part of East 
Boston, rises to an elevation of 80 feet but was formerly higher. A 
boring at the north base of the hill shows till extending down to bedrock 
at 45 feet below low tide. Clay overlaps the base of the drumlin, and 
we thus have proof that this drumlin rests upon bedrock and is older 
than the clay. 
CHARLESTOWN DRUMLINS 


There are two large drumlins in Charlestown: Bunker Hill, 105 feet 
high, and Breeds Hill, 80 feet high, upon which stands Bunker Hill 
Monument. On the northeast side of these hills is the deep bedrock valley 
that passes under East Boston, and on the southwest side is another 
valley in the bedrock surface. At the south end of Breeds Hill one 
boring encountered till down to bedrock at 55 feet below low tide and 
another showed till extending out from the drumlin under the clay, 
indicating that the drumlin is older than the clay. At the northwest 
end of Bunker Hill a boring struck rock at 40 feet below low tide. These 
two drumlins thus rest directly upon a rock ridge, which, although below 
present sea level, still rises high above the adjacent valleys in the bedrock 


surface. 
BOSTON PENINSULA DRUMLINS 


There were formerly four drumlins on the Boston Peninsula, three 
of which give evidence as to the relation of the clay and the drumlins. 
Beacon Hill has commonly been classed as a drumlin, but in some 
respects it is abnormal. The hill is composed largely of till, but this is 
overlain by much sand. Old pictures of Beacon Hill, as it appeared 
before the top was removed and its elevation reduced from 140 to 105 
feet, show that it had three summits very unlike a drumlin. The hill 
may have been an abnormally shaped drumlin or a drumlin crowned with 
kames. Borings show that till extends down to bedrock, and that clay 
overlaps the till about the base of the hill. The information available 
indicates that Beacon Hill is an abnormal drumlin resting directly upon 
bedrock, and that it is older than the surrounding clay. 

North of Beacon Hill is a low drumlin crossed by Chambers Street. 
The summit is 40 feet above low tide. Rock rises to an elevation of 20 
feet in the center of the hill, and till rests directly upon rock. This 
drumlin, therefore, has a rock core, and clay overlaps till about its base. 
Copps Hill is a drumlin, 50 feet high, the till of which extends out 


ted 
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under the clay, giving further proof that the clay is younger than the 
drumlin. 
SOUTH BOSTON DRUMLINS 

South Boston contains one prominent drumlin, Telegraph Hill, form- 
erly known as Dorchester Heights, and one lower drumlin. A deep bed- 
rock valley, believed to have been made by the preglacial Merrimack 
River,’* crosses South Boston southwest of Telegraph Hill, which is about 
120 feet high and stands upon a broad rock platform. At Third and B 
streets is a small drumlin, formerly called Nooks Hill, rising to an 
elevation of 30 feet. A boring at the northwest end showed till directly 
upon bedrock at 2 feet below low tide. Under the eastern part of the 
hill, rock is lower, but till extends down to it. 


CAMBRIDGE DRUMLINS 


Bedrock is not known to be exposed at any place in Cambridge, and 
in only a few places is it within ten feet of the surface. There are three 
small hills that may be drumlins, but none of them is typical, and it 
is doubtful whether they should be classed as such or as morainal fea- 
tures. The highest land in Cambridge is a ridge, named by Woodworth 
the Fresh Pond moraine, composed of clay, sand, and gravel. An exca- 
vation, at the corner of Massachusetts Avenue and Arlington Street 
at the east end of this ridge, exposed five to seven feet of till over fine 
sand. In the sand were several thrust faults, showing that the till had 
been pushed over the sand. 

Under the eastern part of the Harvard Yard is a low hill composed 
of till. Sand overlaps the till at its east base, and rock rises in the 
hill much above the elevation of bedrock in the surrounding areas. It 
is known that under the Widener Library rock rose to an elevation of 
18 feet. Dana and Harvard streets cross a somewhat similar, but higher, 
hill, and there is evidence that rock rises to an elevation of 17 feet under 
the south end of this hill. The East Cambridge Hill is shaped like a 
drumlin except that its axis is from northeast to southwest. A boring 
at the northeast end of this hill encountered bedrock at 90 feet below 
low tide, indicating that till is continuous down to rock, but there is 
no evidence as to whether rock rises higher under the hill. The fact 
that till extends down to rock in these three hills may indicate that 
they were formed prior to the re-advance that formed the Fresh Pond 


13 W. O. Crosby: Geological history of the Nashua Valley during the Tertiary and 
Quaternary periods, Technology Quart., vol. 12 (1899) pp. 302, 311, 312; also, A study 
of the geology of the Charles River estuary and Boston Harbor, Technology Quart., vol. 


16 (1903) p. 67, 
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moraine, for had they been built by that re-advance, there would prob- 
ably be layers of stratified drift between till and bedrock. The drumlin 
origin of these hills, therefore, appears more probable. 


SOMERVILLE DRUMLINS 


There were formerly eight large drumlins in Somerville, two of which 
have been largely removed. 

Asylum Hill was in the railroad yards in East Somerville and had a 
summit elevation of 62 feet, the elevation of the surrounding clay flats 
being less than 15 feet. The hill has been leveled to the elevation of 
the surrounding tracks, about 20 feet, and nothing except till was ex- 
posed in the excavation. This might be taken as an indication that this 
drumlin did not rest upon rock, but a sewer tunnel, driven under the 
north end of this hill, at 10 feet below low tide encountered rock 
for a distance of 330 feet, and borings show that rock rises to an eleva- 
tion of 15 feet, with till resting directly upon it. We, thus, have proof 
that the clay does not extend under this drumlin, which rests directly 
upon bedrock and has a rock core. Clay overlaps its base, showing that 
the drumlin is older than the clay. 

Convent Hill formerly rose from the clay flats to an elevation of 90 
feet. The northwestern part has been removed, but the southeastern 
part still has an elevation of 70 feet. Woodworth and Marbut ** con- 
sidered this hill to be an example of a drumlin resting upon clay. In 
1894 a shaft, 300 feet east of the junction of the Wellington Road with 
that from Charlestown to Medford (Middlesex and Mystic avenues), 
was visited by Marbut. The shaft was then 33 feet deep and was all 
in clay except for a layer of silt at the top. It was stated that the slope 
of the drumlin, if extended downward at the same angle as that above 
the surface of the ground, would apparently intersect the shaft several 
feet above the bottom. A slight steepening of the lower slope of the 
drumlin, such as has been observed in many places, would, however, 
carry the till below the bottom of the shaft and produce the conditions 
found. This evidence does not prove, therefore, that clay extends under 
the drumlin. The elevation of rock under the hill is unknown, but a 
boring, a few hundred feet west of the hill, encountered rock at 20 feet 
below low tide. A boring at the east base of the hill struck till at 5 
feet below low tide under 14 feet of clay. This till is clearly the toe of 
the drumlin, extending out under the clay, and shows that clay does 
not extend under the hill, at least at this end. 


%C. F. Marbut and J. B. Woodworth: op. cit., p. 996. 
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The hill at the south end of the Wellington Bridge was called “Ten 
Pound Hill” by Woodworth, and, for convenience, that name will be 
used here. The hill rises 65 feet above low tide on the south bank of 
the Mystic River. It was cited by Marbut and Woodworth ** as another 
example of a drumlin upon clay. They stated that clay had been exca- 
vated beneath the salt marsh just south of the drumlin and that in 
the hill, clay rose 20 feet higher than under the surrounding marsh. 
Borings show that the elevation of the clay in the marsh south of the 
hill is 12 feet. At the west end of the drumlin, in the yard of the 
Charles A. Grimmons School, till is exposed down to an elevation of 20 
feet, or lower, which is only 8 feet above clay in the marsh, not 20 feet 
as stated by Woodworth. The observations of Woodworth and Marbut 
were made where the road to Wellington Bridge cuts through the east 
end of the hill, and a sketch in their article indicates that the road cut 
through the till into clay. This is not in accordance with recent obser- 
vations, for, in 1926, the banks on either side of the Fellsway, which is 
on the site of the road mentioned, showed till down to the level of the 
roadway. A boring at the east foot of the hill encountered till at 5 feet 
below low tide, and a boring, 500 feet southwest of the hill, encountered 
till at 4 feet below low tide under clay, showing that the toe of the 
drumlin extends out under the clay. 

Winter Hill is a large drumlin rising to 150 feet, with rock near the 
surface on the north side and with rock exposures up to 105 feet. A 
well in this hill, showing till extending down to bedrock, was reported 
by Clapp.2® Excavations in the south side have shown rock rising to 
122 feet, or 17 feet above its highest exposures. Thus, there is proof 
that this drumlin rests upon bedrock and has a core of rock off-center. 
Prospect Hill has a present summit elevation of 110 feet, but it was 
formerly higher. Excavations and borings about its base indicate that 
this drumlin rests upon rock. Spring Hill rises to an elevation of 140 
feet. The highest known exposure of rock is at 50 feet on the south side 
of the hill, but an excavation at Summer and Belmont streets struck 
rock at an elevation of 93 feet, proving that this drumlin rests upon 
rock and that there is a core of rock rising inside the hill. 

College Hill is a large drumlin on the Medford line, with an elevation 
of about 150 feet. The highest known rock exposures are at an elevation 
of 90 feet, but rock rises to an elevation of 110 feet under the west side 
of the drumlin, indicating that it rests upon rock and has a rock core. 


%C, F. Marbut and J. B. Woodworth: op. cit., pp. 995, 996. 
16 F, G. Clapp: op. cit., p. 550. 
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A. C. Lane?" reported small exposures of till upon clay in the old clay 
pits at the north base of this hill but stated that this may have been 
due to creep of the till. 


EVERETT DRUMLINS 


On the west side of the plant of the Merrimac Chemical Company the 
writer saw a small drumlin in which an excavation showed rock. This 
drumlin rose out of the marsh, and the rock hill upon which it rests is 
surrounded by deep valleys in the bedrock surface. This is another 
example of a drumlin with a rock core. 

A drumlin in Everett, supposedly resting upon clay, was described 
by Brown,”* who stated that on Chelsea Street, near the border of Chelsea, 
excavations in a drumlinlike hill showed till resting upon clay on the 
southern slope. The layer of till upon the clay had an average thick- 
ness of 18 inches. The core of the hill was rock, but the contact of the 
rock and the clay was not seen. Rock is now exposed in a quarry and 
is directly overlain by till, but the clay, underlying till south of the rock, 
has been removed. The conditions depicted by Brown could be produced 
by a minor re-advance of the ice, and the evidence does not prove that 
the drumlin rests upon clay; on the contrary, the main mass of drumlin 
till can be seen resting upon rock. 


REVERE DRUMLIN 


Of the many drumlins in Revere only one gives evidence concerning the 
relation of the till and the clay. A drumlin, supposedly underlain by 
clay, was reported by Brown at the junction of Shirley and Nahant 
avenues. He stated that the core of the drumlin was clay, above which 
was three feet of layers of sand and clay, and above that was fourteen 
feet of till. The street corner mentioned by Brown is not on the hill but 
is several hundred yards north of it, on flat land. Exposures on the west 
and east ends and south side of the drumlin show only brown till. The 
east end of the hill, near which he reported till on clay, is steep, and slump- 
ing of till over the surrounding clay may have produced the conditions that 
he described. The writer has noticed pronounced creep, or slumping of 
the till, on many drumlins, and such action must be considered in work- 
ing out their relation to the clay. 


17 Oral communication. 
1% R. M. Brown: op. cit., pp. 445-450. 
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BOSTON HARBOR DRUMLINS 


It was reported by Clapp *® that a well in Telegraph Hill at Hull 
showed the drumlin till extending down to bedrock, and there are ledges 
at the south base of the adjacent Thornbush Hill, indicating that it also 
rests upon rock. 

At Fort Warren on Georges Island a well encountered rock 100 feet 
down, at an elevation of 40 feet below low tide. Immediately above the 
rock were fossil shells in till.2° Although the rock foundation of this 
drumlin is now 40 feet below low tide, it is about 200 feet above the 
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Ficure 2.—Section through Parker Hill, Roxrbury 


Showing rock core 


surrounding valleys in the bedrock surface, and it therefore rests on a 
high rock hill. 

Outcrops on Governors Island, Grape Island, and Rainsford Island 
indicate that the drumlins on those islands rest upon rock. Borings and 
ledges indicate that the Moon Island drumlin also rests upon rock. 


ROXBURY DRUMLINS 


The drumlins in Roxbury and the districts subsequently described do 
not show their relation to the clay, but many of them do show their rela- 
tion to bedrock. Parker Hill in Roxbury is a good example of a drumlin 
with a rock core off-center, as is shown by the section (Fig. 2). The 


129 F, G. Clapp: op. cit., p. 550. 
2 W. H. Niles: Shells in till, Proc. Boston Soc. Nat. Hist., vol. 12 (1869) pp. 244, 364. 
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elevation of the summit is about 210 feet, and an excavation showed 
bedrock at 181 feet. Rock is exposed on the north and northeast sides 
and on the east end of the hill, but on the west end there is a high bluff 
of till. No rock is exposed on the south side. A sewer tunnel passes 
under the hill, from north to south, and borings and shafts made in 
connection with this tunnel showed that, on the north side of the hill, 
rock is at or near the surface, but that south of the summit rock drops 
off abruptly, and under Fisher Avenue till is 112 feet thick. This drum- 
lin was built in the lee of a rock hill, and only a comparatively small 
amount of till was plastered on the north side. Elm Hill is another 
drumlin with a rock core. 


DORCHESTER DRUMLINS 


The following drumlins in Dorchester are known to have rock cores: 
Wellington Hill, Mount Ida, the small drumlin on the south side of 
Franklin Field, and the drumlin at Bolton and Milton streets. In addi- 
tion, Mount Bowdoin, the drumlin crossed by MacClellan Street, the 
drumlin west of Groveland Street, the drumlin west of Washington 
Street and north of Gallivan Boulevard, and the drumlin on Oakton 
Avenue near Adams Street rest directly upon rock, but there is no 
evidence as to whether or not they have rock cores. 


QUINCY AND MILTON DRUMLINS 


The two drumlins in Squantum rest upon bedrock. There is ledge 
at the south end of the hill east of Forbes Hill in Quincy and at the 
north end of Presidents Hill, indicating that these two drumlins have 
rock foundations. Ledges about the north end of Milton Hill in Milton, 
and of Fairmont Hill, indicate that these two drumlins rest upon bedrock. 


WEST ROXBURY DRUMLINS 


The drumlin crossed by Roanoke Avenue in Jamaica Plain has a rock 
core. Scarboro Hill in Franklin Park is a rock hill crowned by a small 
drumlin and is one extreme of the drumlin series. There is evidence 
that Peters Hill, Bussey Hill, Bellevue Hill, Monterey Hill, and the hill 
at Metropolitan and Augusta avenues rest upon bedrock. 


BROOKLINE AND BRIGHTON DRUMLINS 


Corey Hill, Aspinwall Hill, Lyman Hill, Mount Walley, and Walnut 
Hill in Brookline are drumlins that appear to rest upon bedrock. In 
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Brighton, north of Corey Hill, is a rock ridge known as Washington 
Heights, upon the northern end of which is a drumlin. 


NEWTON AND WATERTOWN DRUMLINS 


Bald Pate Hill and Waban Hill in Newton and Institution Hill at 
Newton Center are drumlins that appear to rest directly upon bedrock. 
Mount Ida is a drumlin on a flat-topped rock hill, as is shown by the 
section (Fig. 3). The conditions under Mount Ida are known by 
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Ficure 3.—Section through Mount Ida, Newton 
Showing drumlin on rock platform 


means of borings and a sewer tunnel. This hill rises to an elevation of 
196 feet, but the surface of the rock is only 60 feet, and it slopes off 
in at least three directions. This drumlin does not have a rock core, 
and the till is unusually thick. Meetinghouse Hill in Watertown is a 
large compound drumlin resting on a rock ridge. 


CHELSEA AND WINTHROP DRUMLINS 


Powderhorn Hill in Chelsea is a large drumlin on the southern end 
of a rock ridge. Great Head in Winthrop is a large drumlin containing 
stratified sand and gravel. The eastern end has been cut away by the 
sea, and a fresh section was described by Dodge ** and by Upham.?* The 


21W. W. Dodge: Some localities of nost-Tertiary fossils in Massachusetts, Am. Jour. 
Sci., 8rd ser., vol. 36 (1888) pp. 56, 57. 

22 Warren Upham: The Madison type of Drumlins, Am. Geologist, vol. 14 (1894) pp. 
72. 
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section consisted of till, yellowish in the upper part but dark bluish 
below, from the top of the cliff down to 15 or 20 feet above mean tide. 
Below the till was an arched bed of “loose, clean, rather fine gravel.” 


THE CLAY AND RELATED FORMATIONS 


Various facts relating to the clay and to the more recent formations 
will be discussed here, after giving the normal sequence and thickness 
of Quaternary formations as deduced from boring information. 

Bedrock is usually directly overlain by boulder clay or till, but in 
places a thin layer of gravel occurs between till and bedrock. Till is 
found chiefly on the higher parts of the bedrock surface, where it attains 
great thickness in many drumlins, but it is also thick in some valleys, 
especially those that were transverse to the direction of the ice move- 
ment. In those valleys that were parallel to the ice movement the 
boulder clay is thin or wanting. The greatest known thickness of the 
till away from the drumlins is 80 feet. In the lower parts of the Boston 
Basin, clay generally rests upon the till or upon bedrock where the till 
is absent. This clay varies in thickness from a few inches up to a known 
maximum of 139 feet, and in some places beds of sand are present in 
the clay. Upon the clay in many localities is a layer of sand and gravel 
of variable thickness, and upon this, or upon the clay where sand and 
gravel are absent, there is occasionally a bed of peat. Above the peat 
is generally a layer of silt, which, although normally thin, becomes thick 
in places, as where it fills deep gullies in the clay. In a few places beds 
of peat appear on the silt, and above all these natural formations there is, 
in places, artificial fill, Any one or several of these formations may be 
absent, and they are all variable in thickness. In the higher parts of 
the Boston Basin, clay and silt are generally absent. The highest known 
glacial clay, except small deposits that were obviously formed in glacial 
lakes, is 30 or 40 feet above low tide. 

No fossils have been reported from the clay, although in the overlying 
silt, shells are numerous. In similar glacial clays along the coast north 
of Boston, fossils have been found, and this difference between the clays 
of the Boston Basin and the coast to the north has been interpreted by 
Clapp and others as indicating the greater age of the Boston clays, but 
the writer will endeavor to show that the Boston clays were deposited 
at the close of the last glaciation, as were the clays to the north. The 
absence of fossils in the Boston clay was believed by W. O. Crosby and 
others to indicate that the clays were deposited in a fresh-water glacial 
lake held in by an arm of the ice sheet. The question whether the clay 
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was deposited in salt or in fresh water has never been satisfactorily 
settled. It is worthy of note, however, that no fossils in the clay have been 
reported from the numerous borings, whereas shells in the silt have been 
frequently found in boring samples. The writer hopes later to present 
additional evidence on this subject. 

The surface of the clay is uneven, and gullies in it, 50 feet deep, are 
known, indicating that the surface has been eroded. These gullies are 
filled with silt and peat, which are obviously postglacial deposits. Further 
indication of the exposure of the clay to atmospheric agencies is the 
fact that the upper part is often yellow. The lowest known elevation of 
the yellow clay, 62 feet below low tide, is in Everett, and here the yellow 
clay has been reported as 50 feet thick. The oxidation of the yellow 
clay probably took place only above the hightide level of that time, and 
as it is now 62 feet below low tide and the range of tide is about 10 feet, 
the sea must have been at least 72 feet lower when this clay was oxidized. 
The deepest known silt-filled gully in the clay is in Roxbury, extending 
down to 67 feet below low tide. The lowest known peat is in Roxbury 
at 48 feet below low tide. In addition to the gullies in the clay, which 
are filled with silt and peat, there are deep depressions filled with sand. 
On Queensberry Street in Roxbury a boring penetrated sand to 90 feet 
below low tide without reaching clay, whereas on all sides nearby clay 
rises to 20 feet below low tide, or higher. 

There is evidence in the Boston Basin of re-advances of the ice sheet 
during its retreat, and south of Boston are indications of many re-ad- 
vances of the ice. The Fresh Pond moraine in Cambridge and Water- 
town is believed to be a recessional moraine formed by a re-advance of 
the ice. Borings on the west side of Boston Harbor near Copps Hill 
and in the Navy Yard show that the clay is divided, usually near the 
bottom, by a sheet of till, 10 to 25 feet thick, indicating a re-advance of 
the ice. Woodworth ** has shown that there are several lines of glacial 
outwash plains and moraines, indicating repeated re-advances of the ice 
in its retreat from the Cape Cod moraine to the Boston area. 

The isthmus connecting Boston with the mainland was, in Colonial 
times, only 500 feet wide at the narrow point and rose barely above high- 
tide level. Shimer ** states that the Boston Peninsula was formerly an 
island and that it was joined to the mainland in recent times, causing a 
reduction in the currents in the Back Bay, with increased silting and 


23 J. B. Woodworth : Some glacial wash-plains of southern New England, Bull. Essex 
Inst., vol. 29 (1897) pp. 71-119. 
2% H. W. Shimer: op. cit., p. 451. 
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the dying out of the oysters there. If the neck had been built by waves 
in recent times, we should expect it to consist of sand or gravel, but 
borings along the line of the isthmus show that it is composed of hard 
yellow clay, overlain in places by silt, and it is therefore probably not 
a barrier beach. It appears more probable that the isthmus is a residual 
feature eroded from the clay and overlying silt since the land rose from 
its last submergence. Its narrowness may have been due to the encroach- 
ment by the waves of the Back Bay on the northwest and the South Bay 
on the southeast. It does not appear, therefore, that the Boston Penin- 
sula has been an island since the sea has been at its present level, and 
the extinction of the oysters must have been due to other causes. 


DISCUSSION OF THE EVIDENCE 


The evidence presented proves clearly that many, if not all, the 
drumlins rest directly upon bedrock, and that rock rises as a core inside 
some of them. The best examples of drumlins with rock cores are Camp 
Hill in East Boston, Parker Hill in Roxbury, and Asylum, Winter, and 
College hills in Somerville. Examples have also been found of drum- 
lins resting upon a rock platform in which rock does not rise as a core, 
and of others in which the till is a mere capping on a rock hill. There 
appears to be every gradation, from drumlins without a rock core but 
with a rock foundation, to rock hills with a drumlin-shaped cap of till. 

In drumlins with a rock core there is much variation in the position 
of the core in relation to the center of the hill. Parker Hill in Roxbury 
and Winter Hill in Somerville are examples of drumlins with the rock 
core under the north side of the hill. In these drumlins the till was 
deposited in the lee of a rock hill, but in other drumlins the opposite is 
true, and in Camp Hill the till was deposited north of the rock core. 
Asylum Hill, Corey Hill, and Powderhorn Hill appear to rest upon the 
southern end of rock ridges. . 

The fact that the drumlins are arranged in lines that overlie bedrock 
ridges was pointed out by W. O. Crosby,”® and further evidence in sup- 
port of this has been given by the present study. The drumlins of Col- 
lege and Winter hills in Somerville, Bunker and Breeds hills in Charles- 
town, Camp Hill in East Boston, and the drumlin on Governors Island 
are in line, and ledge was previously known under College and Winter 
hills and on Governors Island. The present study has found ledge under 
Bunker Hill, Breeds Hill, and Camp Hill, giving, together with the 


25 W. O. Crosby: A study of the Charles River estuary and Boston Harbor, Technology 
Quart., vol. 16 (1903) pp. 69-71. 


* 


DISCUSSION OF THE EVIDENCE 151 


previous information, good evidence of a long rock ridge. Other rock 
ridges crowned with drumlins are known, and it appears probable that 
the arrangement of drumlins in lines is at least partly due to the control 
of bedrock ridges. 

This paper does not deal with the origin of drumlins, but much evi- 
dence has been given indicating that, in this locality, drumlins usually 
rest directly upon bedrock and that they are often upon rock hills. It 
seems probable, therefore, that rock hills play some part in their forma- 
tion. There are, of course, many rock hills not capped with drumlins, 
and there may be drumlins that do not rest on rock hills. 

The evidence of the borings also proves that clay overlaps the bases 
of many of the drumlins and, in addition, overlies till in many other 
places, and that most, if not all, of the clay is younger than the drum- 
lins. In none of the hundreds of boring records in or near drumlins 
has any evidence been found of a drumlin resting upon clay, and there 
is positive proof that many of the drumlins are not underlain by clay 
but that the till of the drumlins extends down to bedrock. 

The only evidence of clay underlying drumlins is that given by Mar- 
but and Woodworth,”* and by R. M. Brown. As to the shaft at Convent 
Hill in Somerville, the evidence is not conclusive and conflicts with the 
evidence given by a boring that encountered till under clay at the east 
end of the hill, indicating that the toe of the drumlin extends out under 
the clay at that end. The shaft did not show clay extending under the 
drumlin, and, as has been explained, its failure to reach till may have 
been due to increased slope of the drumlin beneath the surface of the 
clay. It seems probable, therefore, that this drumlin does not rest upon 
clay. 

The description by Marbut and Woodworth of conditions at “Ten 
Pound Hill” appears to conflict with recent observations by the writer. 
In addition, we have the evidence of borings near the east and southwest 
bases of the hill, which encountered till under clay at 5 and 4 feet below 
low tide, respectively. Until further evidence is obtained, the conditions 
in this drumlin must be considered as uncertain, and “Ten Pound Hill” 
should not be used as an example of a drumlin resting upon clay. 

Woodworth reported till overlying clay in Medford, on the east side 
of Winchester Street south of Marion Street, and stated that it appeared 
to be the peripheral attenuated part of the mass of till that forms the 
drumlin of College Hill. No new evidence is available concerning this 
locality as the pit has long since been filled up, but it is so far from 


26°C, H. Marbut and J. B. Woodworth: op. cit., pp. 989-998. 


152 1. B. CROSBY—EVIDENCE FROM DRUMLINS OF BOSTON BASIN 


College Hill that it does not present any evidence as to conditions in that 
hill. Other evidence proves that rock rises high in College Hill. The 
presence of till on clay, as reported here, appears to be best explained as 
due to a minor local re-advance of the ice. 

In regard to the evidence reported by Brown,?’ the small amount of 
new evidence that is available conflicts with his. The hill in Everett de- 
scribed by him is not a typical drumlin, and in the center of the hill, till 
does rest directly upon rock. A layer of till as thin as 18 inches is best 
explained as having been laid down by a minor re-advance of the ice, of 
which there is other evidence, including the Fresh Pond moraine. The 
drumlin in Revere, in which a section showing 14 feet of till over clay 
was reported, may actually be a drumlin resting upon clay, but exposures 
on three sides of the hill show only till. The conditions reported by 
Brown might have been caused by slumping of till over clay, and this 
example, therefore, appears doubtful. 

It has not been possible to obtain definite proof one way or the other 
that the drumlins rest upon clay in the examples cited by Woodworth 
and Brown, but if their interpretations are correct, it is strange that 
no similar conditions have been found in the many borings in other drum- 
lins and that all the new evidence points to opposite conclusions. 

There is, thus, no undisputed evidence of a single drumlin resting upon 
clay. On the other hand, there are more than 60 proved cases of drum- 
lins resting directly upon bedrock even where they are surrounded by 
clay, and it seems certain that this condition predominates and that if 
the other condition exists, it is rare. In the supposed examples of drum- 
lins resting upon clay it has been assumed that this clay was interglacial 
in age, but from the evidence it is not clear that the clay might not 
have been preglacial. 

The idea was expressed by Woodworth and by Brown that some of 
the drumlins contained clay mixed with the till, and that the clay was 
older than the till. Marbut and Woodworth wrote: “Many of the drum- 
lins about Boston Harbor contain a large amount of this clay [the water- 
laid glacial clay], mixed up with gravel, bowlders, and the ordinary 
yellowish clay of the drumlins.” 7® Numerous observations by the writer 
and others have shown that the boulder clay of the drumlins is yellow 
only where it has been oxidized by weathering, and that beneath the 
superficial mantle of yellow the boulder clay is bluish like the water- 
laid blue clay. A recent cut in Orient Heights drumlin showed this 


27R. M. Brown: op. cit., pp. 445-450. 
%C. H. Marbut and J. B. Woodworth: op. cit., p. 995. 
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clearly, the yellow boulder clay being about 20 feet thick. The contact 
between yellow and blue boulder clay is generally sharply defined and 
regular except where cracks have permitted the penetration of surface 
waters. The presence of blue clay in the till is, therefore, no indication 
that this clay is not an original part of the till. 

Analyses by W. O. Crosby ®® of the boulder clay from the drumlins 
and of waterlaid clay from the adjacent clay deposits show that rock 
flour is the most important constituent of both. He found that only 
about 12 per cent of the till was true clay, approximately 44 per cent 
being rock flour, and the remainder sand, gravel, and cobbles. In the 
waterlaid clay from one quarter to one half is true clay, the remainder 
being rock flour. These analyses and other facts indicate that the till 
and the clay came from the same source, and that both were largely 
produced by grinding. A minor portion of each may be preglacial 
residual clay. Any existing residual soil that was encountered by the 
ice sheet was intimately mixed with the products of glacial grinding 
and incorporated in both the boulder clay and the waterlaid clay. The 
existence of such pre-last-glacial clay is shown by the shells in some of 
the drumlins in Boston Harbor, which will be discussed later. The 
boulder clay and the waterlaid clay were both produced by the ice at the 
same time, but they were deposited by different means. The above 
facts show that color and proportion of clay in the drumlins give no evi- 
dence that any of the deposit of waterlaid clay was mixed up in the 
drumlins and do not support Woodworth’s belief that the drumlins were 
formed after the clay. 

Brown *° stated that in a drumlin in Hyde Park the proportion of 
clay was too large for till, and that this indicated that some of the water- 
laid clay was mixed in with the till in the formation of the drumlin. 
The analyses of till by W. O. Crosby show that the proportion of rock 
flour and clay in the till varies from 44 to 68 per cent. In view of these 
facts, an apparently greater proportion of clay in the till of certain drum- 
lins than in that of others does not indicate that this clay came from 
earlier deposits or that the drumlins are later than the waterlaid clay. 
As has been shown above, both the clay and the boulder clay were formed 
at the same time, and there are other reasons for the varying amount 
of clayey material in the different drumlins. 

It has been shown that the main mass, if not all, of the clay was 
deposited after the formation of the drumlins, but this, in itself, does 


29 W. O. Crosby : Composition of the till or bowlder clay, Proc. Boston Soc. Nat. Hist., 
vol. 25 (1890) pp. 115-140. 
2 R. M. Brown: op. cit., p. 449. 
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not fix the age of the clay, as the drumlins might have been formed in an 
earlier glaciation, and the clay, although younger than the drumlins, 
might still be older than the last glaciation. It has been shown, how- — 
ever, that the surface of the clay is irregular and is cut by deep gullies. 
Woodworth ** believed that the erosion of the surface of the clay was 
caused by the ice sheet and was, therefore, evidence that the clay was 
older than the last glaciation. In the present investigation the surface 
of the clay has been studied carefully in the Back Bay district, where 
borings are plentiful, and a contour map of the surface of the clay was 
made, which showed that the gullies in the clay are typical of stream 
erosion and not of glacial erosion. 

Woodworth described occurrences in Cambridge and in Watertown 
where the sands had been stripped off the clay and the surface of the clay 
was in the form of smooth rounded ridges, which he believed indicated 
that the clay had been overridden by the ice. The only examples known 
of this feature are near the Fresh Pond moraine, and they were prob- 
ably formed by a local re-advance of the ice, which is known to have 
occurred here. These features do not require the assumption that the 
clay was formed prior to the last glaciation. ) 

Clapp * believed that the erosion of the clay must have taken thousands 
of years and could not have occurred since the last glaciation, but there 
are many known examples of rapid erosion of clay, and there were 
demonstrations of such rapid erosion during the Vermont flood in 1927. 
It might be argued that the clay was deposited prior to the last glacia- 
tion and was overridden by the last ice sheet, but that the gullies were 
eroded in it since the disappearance of the ice. If this were so, we 
should expect to find some evidence of till upon the clay, but except for 
indefinite evidence in the few occurrences described, which appear to 
have been caused by local re-advances of the ice or by creep of the drum- 
lin till, we do not find any such evidence, and it seems probable that the 
main part of the clay, if not all of it, was deposited at the close of the 
last glaciation. 

Local advances of the ice are indicated by the Fresh Pond moraine 
and by the sheet of till which divides the clay under Boston Harbor, in 
the lee of Copps Hill. These facts, however, are adequately explained 
by local re-advances and do not require the assumption of an earlier 
glaciation. 

Evidence has been given of the deep oxidation of the clay in some 
places. The clay is relatively impervious, and surface waters carrying 


%1C, H. Marbut and J. B. Woodworth: op. cit., p. 991. 
=F. G. Clapp: op. cit., pp. 534-536. 
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oxygen and carbonic acid penetrate the clay only where it has been dried 
out or where there are seams of pervious material in the clay, and then 
only very slowly. The oxidation of the clay also depends upon the ground- 
water conditions, which are now very different from what they were 
when the sea was lower. As all these conditions are extremely irregular, 
the depth of weathering would be irregular, and this is found to be so. 
The deep weathering of the clay, therefore, appears to be local and does 
not indicate that all the clay has been deeply weathered and much of 
the weathered clay removed by erosion. The composition of the water- 
laid clay and of the clayey material of the drumlins is similar, and they 
have been affected by weathering to an equal extent. Since the clay is 
late-glacial in age, it appears that the drumlins also were formed in the 
last glaciation. 

The evidence in the Boston Basin indicates that not more than one 
glaciation has affected this area. Evidence of more than one glaciation 
may be found in surrounding regions, but none has been found in the 
Boston Basin, even in the lower part, where earlier glacial deposits might 
well have been overridden by the last ice and have been preserved under 
the last glacial deposits. 

Shells have been found in the till in several of the drumlins in the 
harbor, and these have been described by W. O. Crosby ** and by Up- 
ham,** who both concluded that they were preglacial, though for a time 
Upham * considered them as interglacial. These shells in the till prove 
the presence in this area, just before the last glaciation, of fossiliferous 
clay. No clay containing shells has been reported from any of the 
borings, although shells in the recent silt have been recorded in many 
borings. It is possible, however, that some of this pre-last-glacial clay 
is preserved under the later deposits, and if so, there are two separate 
clays here of different ages, but evidence of only one clay has been 
found.** 


3 W. O. Crosby and H. O. Ballard: Distribution and probable age of the fossil shells 
in the drumlins of the Boston Basin, Am. Jour. Sci., 3rd ser., vol. 48 (1894) pp. 486-496. 

% Warren Upham: Marine shelis and fragments of shella in drumlins near Boston, 
Am. Jour, Sci., 3rd ser., vol. 47 (1894) pp. 238, 239. 

% Warren Upham: Marine shells and fragments of shells in the till near Boston, Proc. 
Boston Soc. Nat. Hist., vol. 34 (1888) pp. 127-141. 

% The presence of these shells in the drumlins is evidence which must be considered, 
for although the shells have been known for nearly half a century, their full import 
has not been worked out. The shells indicate that when the ice advanced across this 
area, the relations of sea and land were similar to those existing now. Several different 
interpretations of the known facts are possible, depending upon the age of the fossil- 
iferous clay in the drumlins. It is difficult to determine the exact time of deposition of 
this clay because of conflicting evidence, and definite conclusions cannot be reached 
without additional evidence, which the writer hopes to obtain. 
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Evidence, indicating a lower stand of the sea that lasted long enough 
to allow clay below sea level to become deeply weathered, has been men- 
tioned. A fish weir, driven into clay 15 feet below low tide and indi- 
cating rise of sea level, was described by Shimer,*” who concluded from 
the fossil evidence that the climate was warmer then than now, and that 
since the fish weir was erected, several thousand years ago, sea level has 
risen, and the climate has become cooler. 

Various workers have studied the relation of sea and land on the New 
England coast in late-glacial and postglacial times and have concluded 
that when retreat of the ice sheet began, the land was much depressed 
and sea level was about 300 feet ** lower than at present. As the ice 
retreated, the sea entered the lower part of the Boston Basin. When 
the ice front stood just south of Boston, the sea had probably risen about 
25 feet and stood some 275 feet lower than at present. Differential 
uplift, greater to the north, then took place, raising the basin above 
the sea. At this time the peat beds and gullies in the clay below sea 
level were formed. Meltwater from the ice raised the sea level, with 
the result that the lower part of the Boston Basin, which had been dry 
land for a considerable length of time, was again submerged. The last 
part of the submergence, which covered the site of the fish weir, may 
have been due to subsidence of the land rather than to rise of sea level. 
The lower stand of the sea, of which evidence has been given, was not 
peculiar to the Boston Basin. 

This brief résumé of some of the relations of sea and land in post- 
glacial times in the vicinity of Boston has been given to make clearer 
the significance of the evidence of lower sea level that has been described 
here. The new data on that subject brought out in this study fit in with 
the previously known facts, giving further indication that this emergence 
of the lower part of the Boston Basin and the weathering of the clay 
occurred at the close of the last glaciation. 


CONCLUSIONS 


To sum up the known facts about the drumlins and the glacial clay 
in the Boston Basin, it is certain that most, if not all, of the drumlins 
were formed in the last glaciation, and that most, if not all, of the clay 
was deposited at the close of this glaciation. Many of the drumlins are 
known to rest directly upon bedrock, and no drumlin has been proved 


37H. W. Shimer: op. cit., pp. 456-462. 

*N. G. Hiérner: Late glacial marine limit in Massachusetts, Am. Jour. Sci., vol. 17 
(1929) pp. 139-143. 

Ernst Antevs: The last glaciation, Am. Geogr. Soc. Res. Ser., no. 17 (1928) pp. 81-93. 
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to rest upon clay. The existence of rock cores is known in about a quarter 
of the drumlins studied, and many of the others rest upon rock hills and 
are arranged in lines on rock ridges. This study shows that there is no 
proof of more than one Pleistocene glaciation in the Boston Basin, and 
if the earlier glaciations affected this area, evidence of them was destroyed 
or is still concealed. Local re-advances of short duration are indicated, 
but there is no conclusive evidence of complete disappearance of the ice 
followed by another glaciation. 

The late-glacial and Recent history of the Boston Basin appears to be 
as follows: The ice of the last glaciation advanced across a lowland area 
of rugged topography, the direction of its movement being somewhat 
influenced by this topography. The drumlins were formed during the 
last glaciation, on rock ridges and hills, but comparatively little till was 
deposited in the valleys. As the ice retreated the lower part of the 
basin was occupied by a body of water—whether an arm of the sea or 
a glacial lake is uncertain—and in this water was deposited a thick bed 
of clay. Occasional layers and lenses of sand were interbedded in the 
clay, and it was overlain in places by sand and gravel. In the higher 
parts of the Boston Basin, sand and gravel were deposited in glacial 
lakes. 

As the ice melted back across the basin there were re-advances, one 
of which formed the Fresh Pond moraine in Cambridge. At the time 
of the ice retreat the sea stood a little higher than at present, and then 
the land rose until sea level was at least 70 feet lower than at present. 
During this period of lower sea level the clay was eroded and weathered, 
and peat was formed in places. Then the sea level rose, and silt was 
deposited upon the clay and peat. During the earlier part of the period 
of silt formation a warm-water fauna occupied the waters of the harbor, 
but during the latter part of this period, as at present, the fauna con- 
sisted of colder-water forms. The last chapter in the history reveals 
the work of man—the deposition in places of artificial fill upon the silt 
and clay. 
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YARDANGS DEFINED 


In this paper it is my purpose to describe certain features of con- 
siderable size which are distinctive and seem clearly to be made by wind 
erosion. Although they have long been known to explorers of deserts, 
they have not received from geomorphologists the attention they deserve. 

The erosive activity of the wind has two aspects—which are commonly, 
although not universally, distinguished as abrasion, or grinding, and 
deflation, or blowing away. Locally these two processes co-operate to 
bring about a joint result, but deflation also functions largely without 
the aid of abrasion by picking up loose dust and sand and sweeping 
them away. The condition is analogous to the relation between stream 
abrasion and transportation. 

Distinctive land forms carved out by the wind are apparently rare, 
for they have been reported by only a few observers. They consist 
essentially of round bottomed chutes, or troughs, separated by sharp 
ridges which range from a few inches to 25 feet or more in relief. 
Features of this kind were noted by the distinguished explorer of central 
Asia, Sven Hedin, and to him we owe the name yardang * by which these 
features are known to the natives of Chinese Turkestan. Similar wind- 


* Manuscript received by the Secretary of the Society, May 15, 1933. 
1Sven Hedin: Central Asia and Thibet, vol. 1 (1903) p. 350. For the usage of this 
term, see Eliot Blackwelder : Yardangs and zastruga, Sci., vol. 72 (1930) pp. 396-397. 
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carved ridges were also noted by Obruchev ? in central Asia, by Walther * 
and others in Egypt, by Stein ¢ in Turkestan and by Bosworth ° in Peru. 
Walther refers to them as “sphinx hills,” but the others had no special 
name for them. Bosworth has given the best description of them, but 
in a book which is likely to escape the notice of most geomorphologists. 
Similar forms in snow are familiar to explorers of the polar regions 
and are called by them zastrugi,® but it is apparent that this term is also 
used for other kinds of irregularities in the surface of the snow, due 
to melting and to the heaping of snow into ridges. 

Huntington’ states that in Turkestan some of the yardangs “are 
enormous affairs a hundred feet high and hundreds of yards long. I 
have traveled for a whole day among yardangs of this kind where I 
had to zigzag back and forth because the slopes of clay were almost 
vertical and openings between the yardangs were far apart.” On a small 
scale they are developed almost everywhere that wind erosion is effective, 
as on damp sand along ocean beaches. 


SOME EXAMPLES 


Examples of yardangs thus far seen by the writer have been mostly 
in rather soft yet coherent deposits such as Tertiary lake beds, Pleistocene 
sand dunes now somewhat indurated, and sedimentary deposits from ore- 
separating mills. Such features have been found both east and west of 
Tonopah, north of Silver Peak, and northeast of Carson Sink, in Nevada. 
Some of the best examples may be seen along the northeast side of Rogers 
playa * in the Mohave Desert of California. At that locality a broad belt 
of dune sand, which accumulated near the shore of a Pleistocene lake, 
has since been much eroded and no longer preserves the form of the 
original dunes. The material is coarse sand with which is mingled a 
plentiful, although variable, supply of small clay pellets swept up from 
the adjacent dry bed of the lake. The laminae which contain much 
clay are more coherent and hence more resistant to wind erosion than 
the layers of friable and almost uncemented quartz sand. 


2V. A. Obruchev, Leningrad. Personal letter, June 1930. 

3 J. Walther: Das Gesetz der Wiistenbildung, Leipzig (1924) p. 208. 

4M. A, Stein: Explorations in central Asia, Geog. Jour., vol. 34 (1909) p. 26. 

5T. O. Bosworth: Geology and paleontology of northwest Peru, London (1922) pp. 
297-300. 

® More commonly spelled sastrugi (following the German style). 

7 Ellsworth Huntington: Personal letter, 1930. 

8 Except where otherwise stated, all photographs in this paper were taken there. 
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FORMATION OF YARDANGS AND TROUGHS 


Although the sharp crested ridges are the more conspicuous features 
and have, therefore, received the special name, yardangs, the attention 
of the geomorphologist should be concentrated upon the intervening 
troughs, for, as in the case of stream-made valleys, it is the excavation 
of the troughs that leaves the ridge outstanding. As yet there appears 
to be no technical term for these features and so in this paper they will 
be referred to as yardang troughs, or merely as troughs. 

The wind-eroded trough is characteristically concave-bottomed and 
steep-sided, being therefore U-shaped and somewhat like a glacial canyon 
in cross section (Plate 2). Many of them have been widened to such an 
extent that they have rather spacious and nearly flat bottoms. In some 
cases this is due to the fact that erosion has reached a more resistant 
stratum, such as a bed of tough clay. Since the wind works broadly 
rather than along narrow lines, there is no channel in the bottom of the 
trough, except in so far as occasional rills follow the depression. On 
the other hand, it is usually rippled with low transverse ridges of fine 
gravel, representing the coarsest material that the local winds have been 
able to sweep along (Plates 2 and 3). 

The beginning of each trough may reasonably be ascribed to some 
inequality either of material and structure or of surface. As suggested 
by Hedin, the initial irregularity which directed the sandblast was in 
many cases doubtless a gully formed by occasional rills of water. These 
small ravines afford the wind the slight advantage necessary to start the 
formation of troughs. In entering the mouth of the ravine the lower 
stratum of the wind is somewhat compressed, and its velocity is thereby 
increased. The wind drifts sand up along the ravine, and this stream 
of detritus grinds off the bottom, and particularly the sides, of the 
trough, undermining the adjacent ridges so that their slopes become 
progressively steeper. In many places they are vertical, or nearly so. 
The effectiveness of this abrasion is well shown in Plate 3, where tiny 
ravines, formed on the slopes of the yardangs by occasional rains, have 
been entirely erased at the bottom of the slope. In many cases (Plate 3) 
the small alluvial fans which are temporarily built at the mouths of such 
ravines can be found in all stages of destruction by the sandblast. 

As it is the coarsest detritus which does most of the abrasive work and 
as the coarse particles are only rolled or danced along the surface of the 
ground, the effects of abrasion are noticed chiefly within a few feet of 
the floor of the trough. Upward they rapidly decrease in intensity. 
Hence, the crests of the higher yardang ridges are left in a ragged 
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condition (Plate 4) caused largely by the work of rills upon their slopes 
and partly by the collapse of the material along joints as the undercutting 
progresses. 

Where two stream-carved valleys join they enclose a spur, the crest 
of which gradually declines toward the junction. It is otherwise with 
a yardang between two troughs. The end of such a spur is sharply 
undercut by the sandblast and may be either vertical or distinctly over- 
hanging (Plate 6). Taking a broad view of a series of yardangs and 
troughs, one sees that the salient corners all face the wind. Hobbs °® 
likens them fancifully to a school of porpoises all rising out of the sea 
in unison. If the material were sufficiently coherent they would eventu- 
ally form sharp projecting points like the minute features which are 
common on wind abraded rock outcrops. No doubt both types of features 
are carved in the same way and for similar reasons. 

Bosworth *° describes the yardangs of the Peruvian coast as being 
smooth-crested and moulded like the inverted hull of a ship. He explains 
this as being the form offering the least resistance to the flow of the wind 
current and hence most stable under its attack. Few writers have men- 
tioned yardangs of this smooth form. Ordinarily, they describe them 
as being typically ragged and fantastic in shape. Sandford ™* mentions 
a locality marked by “countless rows of stream-lined ridges with sand- 
filled hollows between them,” and shows a photograph of similar features 
carved out of mud deposits by the wind. Among the yardangs on the 
northeast side of Rogers Dry Lake many of the lower ones (Plates 2 
and 4, B) show an approach to the smooth stream-lined shape, but most 
of those more than a few feet high are sharp and ragged. The moulded 
form cited by Bosworth is probably confined to yardangs low enough to 
be wholly within reach of, and smothered by, the sand-laden wind 
stratum, which therefore flows not only around but also over them and 
scours off all irregularities. 

In so far as the yardang troughs may have developed from stream- 
made ravines, they should in their early stages be long and somewhat 
sinuous, separated by yardangs of corresponding form. As wind erosion 
progresses, the troughs become wider and the ridges may be breached 
here and there at places of weakness. Wind from various directions, 
taking advantage of such gaps and abrading the ends of the ridges more 


°W. H. Hobbs: Erosion and degradational processes in deserts, Ann. Amer. Assn. 


Geog., vol. 7 (1917) pp. 25-60. 
1% T, O. Bosworth : ibid. 
1K. §. Sanford: Geology and geomorphology of the southern Libyan desert (section 


in report of Major R. A. Bagnold), Geog. Jour., vol. 82 (1933) p. 31. 
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A. STEEP UNDERCUT SIDE OF A LONG, RAGGED YARDANG 
AT THE EDGE OF THE PLAYA 


A small bank of fine gravel, used by the wind in its attack, lies at the base of the slope. 


B. YARDANG, FIVE FEET HIGH, STRONGLY SCOURED AND 
MOULDED BY SANDBLAST 


It has recently been undercut slightly along the base by the waves of 
a playa lake three inches deep. 
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than their flanks, probably tends to shorten them and eventually to 
reduce them to conical hills. Features of this character, and probably 
of the origin here suggested, have been observed in Danby Dry Lake 
(Plate 7) and around the margin of yardang groups elsewhere. A pho- 
tograph of conical hills carved out of Nubian sandstone, probably by 
wind action, accompanies Sandford’s paper 1? on the Libyan desert. In 
describing the effects of wind erosion on the Nubian sandstone in the 
western part of the Sinai Peninsula, Barron ** says, “The isolated masses 
of sandstone are worn and rounded off into conical hillocks which in the 
distance look like gigantic ant hills.” 

Suitable departures from the ideal conical form are caused by varia- 
tions in the hardness and the structure of the material. Erosive action 
of the sandblast is extremely selective with reference to differences in 
the material attacked. It searches out weak spots and layers, excavating 
holes and pockets in the former and grooves in the latter. Rock mate- 
rials differ notably in their resistance to sandblast action on the one 
hand and to stream erosion on the other. Beds of limestone, gypsum, 
and even salt are tolerably resistant to the wind, and clay is more durable 
than weakly cemented sand. Yardangs carved from alternating level 
beds of such materials develop tabular forms with protruding shelves on 
the flanks. Inclined or vertical beds give appropriate alternations of 
grooves and fins. 


LIMITING CONDITIONS 


Like dreikanters, wind-scoured troughs and, hence, yardangs are not 
wholly confined to arid regions but may be found locally where condi- 
tions are particularly favorable to wind action. South of Afio Nuevo 
Point, on the coast of the Santa Cruz peninsula in California, a high 
cliff of closely jointed shale is exposed not only to the usual winter rains 
but also to frequent strong winds. Records of the United States Weather 
Bureau indicate that wind velocities in coastal storms not infrequently 
exceed sixty and occasionally one hundred miles per hour. The face of 
the cliff is therefore carved by the joint action of rills and winds. The 
rills make small ravines. In the much longer dry intervals, the storm 
winds rush up the face of the cliff and scour the bottoms of the ravines 
into U-shaped chutes, leaving narrow over-steepened ridges between them. 
Although these ridges are not as sharp and bizarre as the typical 
yardangs of the desert, they seem to be essentially the same in origin. 


12 Op. cit., p. 32. 
137, Barron: Topography of Sinai Peninsula (western portion), Surv. Dept. of Egypt 


(1907) p. 216. 


i 
: 
tf 
it 
he 
| 
if 
is 
| 
| | | 
| 
| 
: 


164 ELIOT BLACKWELDER—YARDANGS 


Yardang ridges and troughs would be more common were it not for 
the fact that the wind is an effective erosional agent only in rather soft 
friable materials. Upon ordinary jointed hard rocks its action is slow, 
and wherever vegetation covers the ground the sandblast is wholly defeated 
Streams, on the other hand, are much less impeded by vegetation and 
are readily able to handle coarse joint-blocks of firm rocks. This is 
especially true where steep ravines are subject to strong floods. For 
these reasons, wherever wind is impeded and where rain storms are not 
rare, running water continually erases the incipient effects of wind 
erosion and dominates the topographic forms. 


RELATIVE EFFICIENCY OF WIND AS AN EROSIONAL AGENT 


The question naturally arises whether the scouring action of the wind 
carves major land features corresponding to troughs and yardangs, just 
as streams of larger and larger size, with the aid of the processes which 
reduce slopes, carve great valleys and mountain ridges. Some writers 
on deserts have credited the winds with undercutting mountain sides, 
planing off vast spaces, and leaving isolated mountains rising abruptly 
from the plains. It is difficult to avoid the conclusion that in a wholly 
rainless district, wind would be the only carving agency at work, and 
hence, no matter how much time might be required, it would gradually 
whittle away the land surface. In doing so it ought to form gigantic 
troughs and yardangs. 

The topography of deserts today does not, however, appear to reveal 
major features that have been produced directly by eolian corrasion. 
The visible forms—canyons, ridges, and sloping piedmont plains—are 
chiefly those made by running water. This observed condition is prob- 
ably due to the fact that there are no rainless districts in the world 
today, and individual floods, even though occurring only once a century, 
may have more effect than years of wind erosion. Furthermore, all parts 
of the desert regions have been less arid in the recent past and particu- 
larly so during the glacial epochs of the Pleistocene period. There has 
probably been insufficient time in the present epoch of aridity for wind 
scour to wear away the slopes of mountains and notably enlarge the major 
depressions. 

In concluding that wind abrasion is not a factor of much importance 
in fashioning the larger topographic features of the desert and that it 
makes characteristic land forms only on a small scale and under excep- 
tionally favorable conditions, the writer does not wish to be understood 
as holding the opinion that the other function of desert winds, deflation, 
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is of minor consequence. Our knowledge of its work is still far too 
imperfect to justify such a conclusion. We have ample evidence that 
the amount of material removed from desert surfaces by the wind is 
large; hence, deflation must play an important part in the wastage of 
the desert surface. Therefore it may prove to be a major factor in 
lowering the floors of desert basins, leaving mountains standing out in 
relief. This is one of the most important unsettled problems of desert 
geomorphology. 
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PART I. STRUCTURAL PROBLEMS (BUCHER) 
INTRODUCTION 


The mountain ranges of the Middle Rocky Mountain region represent 
a peculiar structural type—elongated uplifts alternating with basins— 
combining features characteristic of block faulting and of folding. The 
relative simplicity of structural design and the juxtaposition of the ranges 
with basins of considerable depth render this region well suited for 
studies looking toward a solution of some of the larger problems of crustal 
deformation. 

With the structural framework of the Bighorn Basin as the object of 
intensive study from every angle, a comprehensive research project was 
launched ir 1930 under the leadership of W. T. Thom, Jr., of Princeton 
University. The facts of geologic structure and of geophysical behavior 
were made the center of the program, with comprehensive and integrated 
studies of stratigraphy and paleontology, of physiography, and of igneous 


* Manuscript received by the Secretary of the Society, June 6, 1933. 
(167) 
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petrography furnishing a fuller basis for interpretations in terms of geo- 
logic history, and, indirectly, in terms of the nature of orogenic processes. 

The project was conceived and carried out as the joint enterprise of a 
number of university professors and their students. After the first year, 
R. T. Chamberlin and the writer joined Dr. Thom in the development 
of this project, more especially of its structural and geophysical aspects. 
During the summers of 1931 and 1932 a general reconnaissance of the 
region was made. As a result, the main structural problems of the region 
have been defined, and plans looking toward the solution of these problems 
have been formulated. In addition, detailed studies by younger men par- 
ticipating in this project have been completed, with highly interesting 
and significant results. The writers feel justified in presenting an outline 
of the problems and preliminary results at this time, not only as a report 
of progress, but also in the hope of enlisting the cooperation of others 
in the completion of this comprehensive program. The purpose of this 
first report on the Bighorn-Beartooth project is to present problems and 
lines of attack rather than conclusions. 

The structural framework of the Bighorn Basin is formed by a ring of ] 
mountain ranges that begins in the northeast with the Pryor Mountains, 
and leads through the Bighorn, Bridger, Owl Creek, and Absaroka moun- 
tains to the Beartooth Mountains in the northwest, the ring being open 
on the north side. To gain a perspective of the structural problems, it 
will be best to begin with the Bighorn Mountains, which are the most 
widely known of these ranges, thanks to the masterly mapping of the 
region by N. H. Darton. 

The tectonic sketch map (Fig. 1) will be used throughout this paper 
for location references. Local names which have meaning only to one 
familiar with the region are omitted. For quick orientation, localities 
and structural units are indicated by figures, which appear in brackets 
in the text. 


Bighorn Mountains 

In the Bighorn Mountains the pre-Cambrian crystalline basement is 
exposed in three areas which lead to a natural three-fold division of the 
range. The central part shows the simplest structure. Its southwest side 
is mantled by Paleozoic sediments, chiefly limestones, which descend 
toward the Bighorn Basin in long, gentle dip slopes. On its east side, on 
the other hand, the Paleozoic sediments drop off toward the plains at steep 
angles for a distance of more than forty miles, from Buffalo to Dayton, 
Wyoming, along the curving mountain front. 
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At two points near the center of curvature—one some three miles north 
of the automobile road leading west from Buffalo; the other, south of 
Little Goose Creek [1 and 2]—local overthrusting has pushed lobes of 
the crystalline core out onto the sediments of the foothills. Figure 2 
illustrates the structure of the mountain front as seen at the southern end 
of the larger thrust lobe. The palisades of vertical, or even slightly over- 
turned, Paleozoic limestones above the upper thrust plane represent a 
structural detail which recurs under similar conditions in the Beartooth 
Range. 


Cretaceous 


Figure 2.—Northeast front of Bighorns and tentative structure section 
Looking northwest on Shell Creek (locality 2, Fig. 1) 


As the axis of crystalline rocks of the central region plunges northward, 
the dips on the northeast flank become less steep, dropping to low angles 
(10°-20°) northwest of Tongue River [3]. Beyond this point, in the 
northern section of the Bighorn Mountains, the structural pattern is 
reversed. The crystalline axis lies exposed close to the southwestern flank. 
Correspondingly, the Paleozoic sediments lie on the northeastern half of 
the range with gentle dip slopes, but drop off abruptly on the southwest 
side. Locally, the beds are even overturned in that direction. Southeast 
of Five Springs Creek [4], for instance, the beds are overturned 60°, and 
locally even 90°, so that they dip 30° to almost 0° N. E.; that is, into the 
mountain front in inverted position (Fig. 3). Locally, this overturned 
limb merges into an overthrust, so that the inverted Sundance formation 
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(Jurassic) rests on top of the Thermopolis shale (Upper Cretaceous). 
Where this thrust fault dies out, another one takes its place, cutting across 
the Paleozoic limestones down into the Cambrian shale. Still farther 
southeast, on Beaver Creek [5], Darton described granite thrust onto 
Madison limestone. 

On the northeastern side of the range, in the midst of the gently in- 
clined beds of the dip slope, the Dry Fork anticline [6] is strongly asym- 
metrical, with its steep limb facing southwestward, where the beds are 


Ficure 3.—Southwest front of Bighorn Mountains 
Looking southeast from Kane road on Five Springs Creek (locality 4, Fig. 1) 


turned up vertically. The same is true of the faulted anticline at the 
headwaters of Black Canyon [7]. In the northern section the reversal 
of the structural pattern affects thus the whole width of the range. 
The northern section is disinguished, furthermore, by sharp flexures 
along which the beds locally stand vertical, with or without the flexure 
passing into a demonstrable fault. These flexures trend in three direc- 
tions: one, about northwest-southeast ; another, north to N. 15° E.; and 
a third approximately east-west. Three times the southwest front of the 
mountains swings abruptly from one trend to the other. At the lines 
marked “8” and “9” on the map, the gently dipping Paleozoic beds of 
the northwestward-plunging mountain-axis drop off in steps to the low 


1N. H. Darton: Geology of the Bighorn Mountains, U. S. Geol. Survey Prof. Pap. 51 
(1906) p. 98, fig. 12. 
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elevations of the northern end of the mountain range along two flexures. 
A flexure of the same strike terminates the range on the west side [10]. 

Here, however, at the northernmost point of the range, the Paleozoic 
sediments drop off with steep dips to the northeast also. Near point “11” 
the beds are vertical and locally even slightly overturned (dip 95°). 

Aside from this northernmost tip, the northern section of the Bighorn 
Mountains thus shows structures steepened and even overturned toward 
the southwest, whereas the central section is steepened and overthrust 
toward the northeast. 

In the southern section the trend of the mountain axis curves from a 
north-south direction to a southwesterly direction. In spite of this change, 
the details of deformation maintain the directions which dominate the 
northern section. The northwesterly trend finds expression in a number 
of marginal folds on both sides of the axis [12-17] and in the steep dips 
of the Upper Paleozoic beds (Embar and Tensleep) at the southwestern 
end of the range [18], each one of the marginal anticlines being steeper 
on the southwest side. At least one of them [13] seems to be overthrust 
in that direction. 

The north-northeast direction is given prominence by the long fault 
[19] which brings the crystalline core to the surface on the west side of 
the range, giving the east side the character of a long dip slope. 

One conspicuous fault line introduces a third direction into the struc- 
tural pattern—the fault which runs from the vicinity of Tensleep along 
the north side of Canyon Creek [20]. It trends essentially east-west and 
is actually a broken flexure like those found in the northern section 
[8, 9, 10], with the south side dropped a few hundred feet. 


Pryor Mountains 

Northwest of the Bighorn Mountains the Paleozoic limestones and 
sandstones rise once more from beneath the younger formations to form 
the Pryor Mountains. Throughout this peculiar uplift the strata strike 
essentially northwest and dip to the southwest. 

Two pairs of flexures—one trending east-west, the other north-north- 
west—south-southeast—divide the uplift into four units. In three of 
these units [21, 22, 23] the beds rise toward a high point near the north- 
east beyond which they drop off abruptly. All the flexures (except those 
bounding “23” on the east and west sides) have ruptured, with the produc- 
tion of faults of moderate displacement. Near the foot of the escarpment 
of the northeast corner of “22” a local fold is overturned toward the 
northeast away from the corner of the elevated block. 
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The east side of “23” is a steep but unfaulted flexure. On the west 
side this unit is bounded by a similar though less accented flexure in 
which the southwesterly dip of the beds is reversed for a short distance, 
causing them to rise some 200 feet to the low plateaulike level of “24.” 


Beartooth Mountains 


Thirty miles west of the Pryor Mountains rises the bold front of the 
Beartooth Mountains. From the neighborhood of Line Creek [25] on 
the Wyoming boundary, to beyond Stillwater Creek [29] this front is the 
result of overthrusting. Over much of that distance vertical or, more 
generally, overturned Paleozoic limestones form conspicuous “palisades.” 
A typical cross-section, such as that exposed (Fig. 4) on North Grove 
Creek [26] resembles closely the structure of the eastern front of the 
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Ficure 4.—Zast front of Beartooth Mountains 
Structure section as seen on Grove Creek (locality 26, Fig. 1). (After E. L. Perry) 


Bighorn Mountains south of Little Goose Creek (Fig. 2). Even the 
peculiar way in which locally the thrust is pushed out along cross-faults 
beyond the general mountain front is repeated here. Between East Rose- 
bud [27] and Fishtail creeks [28] large moraines rise to relatively high 
elevations along the mountain front, and no limestone “palisades” are 
visible. It seems probable that here they have been completely eroded 
away, and the pre-Cambrian crystalline rocks form the mountain front 
behind the moraines. 

A short distance west of “28,” on Little Rocky Creek, the palisades 
reappear, at first with the beds vertical, and then to the west increasingly 
overturned. At the mouth of the canyon of Stillwater Creek [29] the 
beds dip into the mountains 20°-30° in inverted position, and several 
small thrust slices lie exposed beneath the main thrust. 
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Structurally, the larger part of the Beartooth Mountains, west and 
south of the mountain front between Line Creek [25] and Stillwater Creek 
[29], represents a long gentle dip slope. In the southern part, remnants 
of the mantle of Paleozoic sediments lie as warped or flat sheets dipping 
gently southwest, in Beartooth Butte [30] and Flattop Mountain [31]. On 
the south side of the strike valley of Clark Fork, from beyond Cooke City 
[382] to the sharp bend where the river turns across the range [33], the 
Paleozoic sediments dip gently southwest and are overlain by thick vol- 
canic agglomerates, the eastern edge of the Yellowstone Park volcanic 
series. 

The southern end of the Beartooth Mountains forms the plunging end 
of a large anticline. The broad swing of the Paleozoic sediments around 
this southern end lies beautifully exposed in the canyon where Clark Fork 
breaks transversely across the plunging mountain axis (Pl. 8, A). 

Apart from this ending, then, the southern section of the Beartooth 
Mountains apparently offers a close parallel to the central section of the 
Bighorn Mountains. Both represent large uplifts steeply upturned and 
overturned on the northeast, with the southwest side a long, gentle dip 
slope. 

As in the Bighorns, the structural pattern appears to be reversed in the 
northwest section of the Beartooth Mountains. Westward from a point 
just west of Stillwater Creek [29] the Paleozoic sediments of the north- 
eastern front dip northeast at relatively gentle angles and are thrown 
into a series of asymmetrical folds, with the steeper fronts facing south- 
westward. Locally these folds are broken, passing into small thrust faults 
overthrust toward the southwest, as is shown, for instance, in the section 
along Castle and Dry Fork creeks [34]. 

Overturning of folds and thrusting toward the southwest prevail along 
the entire north front of the northern section of the Beartooth Moun- 
tains, reaching considerable dimensions in the ridges just south of Liv- 
ingston, which are cut through by the Yellowstone River. The northern- 
most of these ridges is formed by a thrust which carries the Gallatin 
(Cambrian) limestone and underlying shale, on a low angle thrust plane, 
southward across the Cloverly formation (Lower Cretaceous). The 
thrust plane is warped into an anticline, exposing the reddish Cloverly 
beds in a “fenster” on the west side of Yellowstone River (Pl. 9). 

From Mill Creek southeast of Livingston [36] to Cooke City [32], a 
broad shallow synclinal zone separates the main body of the Beartooth 
range from a southwestern crystalline area which may be called the Snowy 
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Mountain uplift. It is inferred that the faults which terminate the 
Paleozoic sediments of this synclinal zone north of Mill Creek (east of 
“36”) are probably thrust faults. 

The Snowy Mountain uplift terminates abruptly on its southwest side 
with a sharp flexure, which is, at least locally, overturned and overthrust 
to the southwest. Much of this marginal zone is concealed by late basalt 
flows and agglomerates, but at three points it is well exposed. At the 
“Devil’s Slide” [37] north of Gardiner, high-angle thrust-faulting brings 
the crystallines on the northeast against and above the Paleozoic forma- 
tions to the southwest. The disturbed zone produced by this thrusting is 
again well exposed near the mouth of Bear Gulch, a few miles east of 
Gardiner [38]. Here the Upper Paleozoic limestones and sandstones and 
younger beds stand in vertical or overturned position, are badly sheared 
in detail, and are overthrust upon Mesozoic beds. 

The third locality at which the border zone is well exposed lies just 
inside the boundary of Yellowstone Park and south of Yellowstone River 
on Rescue Creek [39]. Here, Paleozoic and Mesozoic formations are 
also turned on end and are greatly deformed in detail. Locally, the pre- 
Cambrian metamorphic rocks lie thrust on the Cloverly formation (Lower 
Cretaceous) and possibly on younger Cretaceous beds. 

The whole northwestern section of the Beartooth complex, from the 
north front east of Livingston to the south front near Gardiner, has under- 
gone deformation directed toward the southwest, as in the northern sec- 
tion of the Bighorn Mountains. The southern section of the Beartooth 
Mountains, on the other hand, like the central section of the Bighorn 
Mountains, was deformed in a northeasterly direction. 

The writer would carry this comparison even further. The two large 
folds south of the Beartooth Mountains, mentioned below, have under- 
gone deformation toward the southwest, just as have the marginal folds 
of the southern section of the Bighorn Mountains. This is especially well 
shown by the Rattlesnake-Cedar Mountain anticline [40 and 41], across 
which Shoshone River has cut its canyon. Whereas the beds dip at mod- 
erate angles on the northeast limb, they are vertical on the southwest limb, 
the Paleozoic limestones forming a remarkable line of palisades (PI. 8, B). 
The crest is broken by two strike faults. On Pat O’Hara Mountain anti- 
cline [42] both limbs show steep angles, the south limb forming vertical 


palisades. 


PROBLEMS 

The major structural problems of the Beartooth-Bighorn region stand 
out sharply from such a survey of the general facts of structure. They 
may be stated in the following form: 
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A. CANYON OF CLARK FORK, WYOMING 
Airplane view by C. J. Belden, 1932. 


B. RATTLESNAKE MOUNTAIN, WYOMING 


Airplane view of palisades on southwest side, 
by C. J. Belden, 1932. ' 
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1. What is the nature of the deformation which not only causes a major 
uplift to assume an asymmetrical profile, but which impresses the same 
asymmetry on the minor folds from one side of the major uplift to the 
other? 

2. What causes the direction of the deformation producing this asym- 
metry to be reversed twice within the length of a single mountain axis, 
so that in the Bighorn, and possibly also in the Beartooth, Mountains the 
overturning is toward the northeast in the central section and toward the 
southwest to the north and south of it? 

3. What is the manner of yielding in the crystalline rocks of the core 
which makes possible the sharp local folds in the basal Cambrian and, 
above all, the local, lobelike overthrusts? 

The next questions require a few introductory remarks. 

There is overthrusting toward the northeast in the central part of the 
Bighorns [1 and 2] and toward the southwest in the northern and south- 
ern parts [4 to 5 and 13 to 19]. The Beartooth range is overthrust toward 
the east and northeast on its eastern and northeastern sides [25 to 29] and 
toward the southwest near Gardiner [37 to 39]. 

On the south side of the Bighorn Basin the Owl Creek Mountains are 
overthrust toward the south (along an east-west line) on the south side, 
just east of Wind River Canyon [43]. There, Cambrian shales and the 
Bighorn dolomite (Ordovician) have been overthrust several miles across 
the red beds of the Chugwater formation, which show beneath the low- 
angle thrust plane in large fensters. Southward thrusting has also 
occurred near Livingston [35]. 

Different units are thus overthrust in different directions, the over- 
thrust occurring in this relatively small area toward the east, northeast, 
southwest, and south. The next questions are, therefore: 

4, What determines the direction in which overturning and overthrust- 
ing shall take place in a major uplift? 

Throughout the region the axes of the major uplifts and of anticlines, 
of flexures, and of overthrust mountain borders tend to follow one of three 
directions which dominate the whole structural pattern. These are 
N. 25° W., about N. 20° E., and east-west. 

5. In what way are these three directions introduced into the structural 
pattern? More particularly, what is the origin of the straight borders 
and the lines of flexure which are aligned in these directions? 

6. What relation does the Bighorn Basin bear to the surrounding 


ranges ? 
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?. What relations do the minor anticlines and synclines within these 
basins, especially along the borders of the Bighorn Basin, bear to the 
structure and the origin of surrounding uplifts? 


Heart Mountain overthrust 

The problems thus far discussed arise from the general structure of the 
mountain axes and the sediments on their flanks and in the Bighorn Basin. 
The structure of the region comprises, in addition, two other elements, 
the origin of which offers additional problems. One of these is a group 
of overthrust sedimentary plates, of which Heart Mountain is the most 
widely known [44]. Plate 10, A shows the isolated limestone “Klippe,” 
comprising rocks from the Bighorn limestone (Ordovician) to the Madi- 
son limestone (Mississippian), resting on folded Paleocene and Eocene 
beds. 

About 18 miles southeast the tops of the picturesque group of knobs 
known as McCulloch Peaks consist of scattered erosion remnants of 
another “Klippe” of Paleozoic limestones. West of these relatively small 
outlying remnants, larger plates of the same limestone series (Bighorn 
to Madison limestones) lie as nearly horizontal thrust sheets upon appar- 
ently independently deformed or even horizontal younger formations. 
The northernmost of these forms a conspicuous cliff of Jefferson (Devo- 
nian) and Madison (Mississippian) limestones, rising above horizontal 
Chugwater beds north of Pat O’Hara Mountain [36]. 

The largest thrust-mass of this type lies southwest of Rattlesnake 
Mountain. The valley of Shoshone River has cut it in two [47 and 48], 
the southern half being known as Sheep Mountain [48]. About ten 
miles southeast, another “Klippe” [49] represents the southernmost 
remnant of these thrust sheets. 

The map shows that the area occupied by these thrust masses falls little 
short of that of the whole southern half of the Beartooth Range. This is 
the first remarkable fact concerning these thrust sheets. It implies over- 
thrusting on an entirely different scale from that exhibited along the 
borders of the Bighorn and the Beartooth ranges. The minimum distance 
of overthrusting cannot have been less than 28 miles.? Overthrusting of 
such dimensions is not unusual on the borders of intensely compressed 


folded mountains. 


2D. F. Hewett: The Heart Mountain overthrust, Wyoming, Jour. Geol., vol. 28 
(1920) pp. 5386-558. C. L. Dake: Heart Mountain overthrust and associated structures 
in Park Co., Wyo., Jour. Geol., vol. 26 (1918) pp. 45-55. 


} 
i 
| 
} 
j 
ii 
i 
| 
| 
| 
| 
| 
| 


BULL. GEOL. SOC. AM. VOL. 45, 1934, PL. 10 


A. HEART MOUNTAIN, WYOMING 


B. LIMESTONE BUTTE, MONTANA, FROM THE SOUTH 
Photographs by F. N. Spencer, 1932. 
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The second remarkable fact, however, is that there is no sign of any 
large folded mountain system from which they could have been derived. 
The only possible area is that which lies buried beneath Tertiary volcanic 
agglomerates and lava flows between Sunlight Basin [50] and Yellow- 
stone Lake. Along Sunlight Creek [50] the Paleozoic sediments dip 
gently toward the southwest, continuing the long dip slopes of the Bear- 
tooth Mountains. South of Yellowstone Lake, Cretaceous sediments lying 
nearly flat occupy large areas [51]. Moderately folded Jurassic and Lower 
Cretaceous sediments outcrop along South Shoshone Valley up to near 
Valley Ranch [52]. In the space between the regions marked “50,” “51,” 
and “52” the roots of these overthrusts should lie buried. But the total 
space available is not much larger than the area now occupied by the 
remnants of the thrust mass (or masses). 

The third basic fact concerning these thrust sheets is that all of them 
consist of Paleozoic sediments only, generally beginning with the massive 
Bighorn dolomite (Ordovician). The plates of sediments must have been 
sheared off from the pre-Cambrian basement, with the dominantly shaly 
Cambrian formations facilitating the separation. 

The problem of Heart Mountain, then, is: 

By what process were these plates of Paleozoic sediments thrust a mini- 
mum of 28 miles over the moderately folded Mesozoic and Cenozoic strata 


of the Bighorn Basin? 


Intrusive and extrusive igneous rocks 

The tectonic pattern of the west side of the Bighorn Basin has been 
greatly modified by igneous intrusion and lies in large part concealed 
by great thicknesses of volcanic agglomerates and lavas. The igneous 
history of the region is, of course, inseparably connected with its tectonic 
history and must be read with it. In the Beartooth region, for example, 
acid porphyries appear in a multitude of large and small intrusive bodies. 
They occur as small sills and stocklike bodies in the Cambrian shales 
along the thrust zone marking the east and northeast fronts of the Bear- 
tooth Mountains, and are similarly present in Mill Creek basin [S. E. of 
36] and at Devil’s Slide [37]. Locally, they crop out in the sides of sev- 
eral laccolithic or bysmalithic bodies, such as the circular dome of Lime- 
stone Butte (Pl. 10, B), northwest of Nye Post Office [east of 34]. Sill- 
like bodies were also intruded into the granite of the pre-Cambrian complex 
along zones of sheeting, and appear in the canyon walls and as relatively 
thin plates on the flat granite upland. More extensive stocklike masses, 
some of large dimensions, cut through the pre-Cambrian complex of the 
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Beartooth Mountains, particularly near Cooke City, in the Snowy Moun- 
tains, and in parts of the Line Creek Plateau. 

The chief problems presented by these intrusives may be stated as 
follows: 

1. What relations exist between the structural pattern of the Beartooth 
uplift and these porphyry intrusions? 

2. How are times of intrusion related to epochs of orogenic deforma- 
tion ? 

3. What forces brought these magmas into existence and placed them 
in the space they now occupy ? 

4. How do these compare in date and mode of placement with the 
laccoliths of the Black Hills and of central Montana? 

The same problems apply to the intrusive masses that accompany the 
eruptive series of the Yellowstone Park-Absaroka Mountain region. For 
instance, a line of partly stocklike, partly laccolithic intrusions of quartz 
diorite crosses South Shoshone Valley west of Valley Ranch [52]. It 
trends northwestward, parallel to the dominant strike of the structural 
pattern. 

Here, however, the problems of structural and of time relations are 
connected with the additional facts of volcanic extrusions of extraordi- 
nary volume. These present themselves as a major problem, which may 
conclude the list: 

5. What relation exists between the mechanics of the orogenic deforma- 
tions and the great volcanic activity which created the vast accumulations 
of agglomerates and lava flows of the Absaroka Mountains and the Yellow- 


stone Park region? 
CONCLUSION 


Most geologists are in a position to suggest tentative, more or less hypo- 
thetical answers to most of these problems. For a satisfactory under- 
standing of the complex tectonic and magmatic history of this region 
the number of possible solutions for each problem must be reduced to a 
very few—preferably to one. To bring this about, it is necessary that 
there be established definitely and accurately as large as possible a number 
of critical facts involving structural and time relations of uplifts, folds, 
thrusts, normal faults, and intrusive and extrusive volcanic phenomena. 
This requires that at critical points, at least, detailed studies be added to 
the excellent reconnaissance work which has so far been done in this 
region. To create this body of information as a basis for a satisfactory 
solution of the problems of this region is the essence of the project on 
which this constitutes the first report. 
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PART II. GENERAL CHRONOLOGIC PROBLEMS (THOM) 


Professor Bucher has described the visible tectonic features of the 
Beartooth-Bighorn region and the chief structural problems presented by 
them, and in Part III, Professor Chamberlin will outline those major 
problems pertaining to the region’s crustal and subcrustal structure to 
which approach must be made mainly by geophysical methods. In the 
present part the writer will discuss those “fourth dimensional,” or geo- 
chronologic, aspects of the tectonic problem which must be solved if we 
are to understand sequence, dates, relative magnitude, extra-regional 
correlation, and tectonic importance of the several deformational move- 
ments which have affected the area. 

These problems of the local structural chronology are not only inter- 
esting of themselves, but are more particularly important because of their 
bearing upon those vital and fundamental geologic problems which involve 
not only our understanding of the nature of the orogenic process but also 
our whole philosophy as to the use of sedimentary facies and fossil assem- 
blages in stratigraphic correlation, and in the establishment of exact com- 
parative geologic time scales for non-contiguous regions. Among such 
primary questions involving both our understanding of the diastrophic 
process and our methods of determining the relative dates of significant 
geologic events are: 

1. Do deformative movements occur simultaneously over the whole 
world, or over large parts of it, or do “waves of deformation” start in 
given areas and progress thence across country ? 

2. Is deformation rhythmic, or at least roughly periodic? Can dias- 
trophism, therefore, be used in a practical way in the correlation of geo- 
logic formations, and not merely as the theoretical basis for the geologic 
time scale ? 

3. Does elevation of an uplifted region normally result from relatively 
sudden and rapidly completed diastrophism, or does it take place step by 
step throughout periods long enough to be recorded at least by local, if 
not by extensive, erosion levels? 

4. Are the rise and local steepening of mountain uplifts of the Bighorn 
Mountain type localized by original initial dips which marked deeper 
places in the floor of the parent geosyncline? 

5. What relations exist between orogenic and epeirogenic movements? 

6. What influence have the structures produced by earlier (pre-Cam- 
brian, Paleozoic, early Mesozoic) movements had on the Cretaceous- 


Tertiary orogeny ? 
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?. What correspondence has there been between the times of great 
volcanic activity and the times of pronounced orogenic movements? 

All these problems are presented in ways particularly favorable to their 
solution in the Beartooth-Bighorn region, and the attack upon the local 
phases of these problems is being made with the idea that this attack may 
contribute to the solution of the general problems also. 

In all tectonic questions the problems of time are either explicitly or 
implicitly of critical importance, and answers to such questions must 
depend, above all, on as detailed stratigraphic correlations as can be 
achieved. Fortunately, the Beartooth-Bighorn region affords a Cambrian 
to Recent * stratigraphic column, well exposed in canyon sections, and 
containing many and varied faunas and floras—a series in which one can 
study changes in facies and evidence of numerous physical and paleonto- 
logic hiatuses, of both marine and continental type. 

The ascertainment of the time correspondence of local earth movements 
with those in other parts of the world is greatly facilitated by the abund- 
ance and variety of the fossils which are locally obtainable. These aids 
to correlation include Ordovician graptolites; Lower Devonian fish and 
plants; many invertebrate micro- and macro-faunas; Paleocene, Eocene, 
and Miocene vertebrates ; and an extensive sequence of Mesozoic and Ter- 
tiary floras. 

Orogenic and epeirogenic movements and volcanic activity are recorded 
in the lithology of the formations involved. The first appearance and 
stratigraphic extent of marine and terrestrial conglomerates, the degree 
of freshness of the mineral constituents of the sediments, the presence 
or absence of volcanic materials, especially pebbles of new igneous rocks— 
all these require careful observation in the field and recording on the local 
stratigraphic time scale in order to make evident their critical chrono- 
logic bearing on local and general problems of orogeny and vulcanism. 
Only a beginning has been made along this line of study in the Beartooth- 
Bighorn region, but even so it has been demonstrated that unusually 
favorable opportunities are there presented for such work. 

The degree and areal extent of angular unconformities must be studied 
and recorded on maps of the region, and information concerning the con- 
figuration of the floor of the Cretaceous geosyncline may be obtained, to 
some extent at least, by a comparison of numerous accurately measured 
sections of the strata involved. Detailed paleogeographic maps will have 


* With the possible exception of the Silurian and the Pliocene. 
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to be prepared from the information thus provided, recording erosional 
unconformities as well as the thickness of sedimentary formations. 

In the analysis of Tertiary and Quaternary events, physiographic 
studies must play an important part. Within or around the Bighorn 
Basin area there are at least ten sets of benches or erosion surfaces, five 
of which have been dated by the prevailing American physiographic meth- 
ods, possibly without complete appreciation of the geomorphologic proc- 
esses and factors involved. It is expected that several, at least, of these 
high-level erosion surfaces can be closely dated by means of fossiliferous 
sediments, which can be directly and positively correlated with the areas 
and surfaces which supplied their component pebbles and other sedimen- 
tary materials—stratigraphy and physiography thus combining to demon- 
strate the duration and the nature of deformative processes by which 
mountains of the area have been elevated. An immediately important 
‘and highly interesting phase of the physiographic-stratigraphic-structural 
problem will be the determination of whether or not the local erosion 
surfaces were produced near sea level and then elevated, or whether they 
were formed at essentially their present altitudes. 

Fortunately for both the physiographic and the structural studies, the 
great Mesozoic and Tertiary eruptive series of the Livingston- Yellowstone 
Park region contains extensive fossil floras and some vertebrate faunas. 
By means of these the later volcanic events may be correlated with some 
of the important physiographic changes, and it is hoped that definite 
proof will be found to establish the genetic and chronologic relation of 
the Yellowstone Park eruptive series to the porphyritic intrusives of the 
Beartooth region, which appear to have been emplaced during the develop- 
ment of the thrust faults that feature the margins of the Beartooth uplift. 

Specific geochronologic problems which are to be attacked in the Bear- 
tooth-Bighorn region are the following: 

1. Have the Beartooth and the Bighorn uplifts risen periodically dur- 
ing later Tertiary and Quaternary time? An answer to this problem 
must come mainly through a regional study of the younger erosion sur- 
faces and terrace gravels, and of such fossils as these gravels may yield. 

2. Did true orogenic deformation, involving folding and faulting, take 
place as late as Miocene time? ‘This question can be approached by 
studying the relation of the southward thrust near Livingston to the 
Miocene “lake bed” remnants occurring in the Yellowstone Valley in that 
vicinity. 

3. May the later volcanic activity in Yellowstone Park have been con- 
nected with such a compressive episode? 
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4. What are the relations in time and space between the earlier erup- 
tive activity in the Absaroka-Yellowstone area, the Heart Mountain 
thrust, and earlier pulses of compression which produced the uplifts 
encircling the Bighorn Basin ? 

5. How were the porphyries of the Beartooth uplift produced, and at 
what period, or periods, were they injected? What rocks have the por- 
phyries penetrated during intrusion—as indicated by their inclusions? 
How much vertical and lateral pressure did they exert during injection, 
as revealed by their association with the thrust faults and by their presence 
and structural relationships elsewhere in sheets, sills, laccolithic uplifts, 
and stocklike bodies ? 

6. What evidence as to the time of beginning of the Larramide revolu- 
tion is afforded by variations in lithology, thickness, areal distribution, 
and fossil content of the local Mesozoic formations? Much evidence sup- 
ports the idea that the local uplifts and basins were incipient in Upper 
Cretaceous time, causing the formations to be thicker and of different 
lithology in present basin areas than above the axes of present uplifts. 

7. What tectonic movements within the areas are indicated by the 
composition and the distribution of Jurassic and Triassic rocks within 
and near the Beartooth-Bighorn area? Is the northward termination of 
the Chugwater in the vicinity of the Lake Basin fault zone due to relative 
elevation in Triassic or post-Triassic time of the north wall of the base- 
ment fault which lies beneath the Lake Basin zone of en echelon faulting? 

8. What tectonic significance, if any, attaches to the apparent uncon- 
formities above and within the Embar formation (Permian) ; within the 
Amsden-Quadrant deposits; and between the Amsden formation (Penn- 
sylvanian) and the Madison limestone (Lower Mississippian) ? How do 
these events relate to movements in the “Ancestral Rockies” or to move- 
ments recorded in mid-Continent and Appalachian areas? 

9. What were the paleogeographic conditions in eastern Montana and 
northeastern Wyoming during Devonian, Silurian, Ordovician, and Cam- 
brian times? Why are Silurian deposits absent from most, if not all, of 
this area? Do unconformities both above and below the Lower Devonian 
beds and the general absence of Devonian deposits in the Bighorns indi- 
cate that deformative movements, felt more intensely elsewhere in Devonian 
times, were also productive of synchronous warping and uplift here? 

10. Do the “flat-pebble conglomerates” of the Cambrian and the Ordo- 
vician owe their production to local crustal oscillatory movements or to 
fluctuations of sea level produced by remote causes ? 
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11. What process caused the pre-Cambrian or early Cambrian pene- 
plain, cut upon the crystallines and metamorphics of eastern Montana 
and northeastern Wyoming, to be transgressed by the sea of the Beltian 
geosyncline in Middle Cambrian time? 

12. What are the space and age relationships between the several pre- 
Cambrian sedimentary formations, eruptive deposits, and intrusives found 
within the area? Can these terranes be correlated with others found at 
a distance ? 

13. What evidence do jointing, arrangement of inclusions, and distri- 
bution of intrusives afford as to the size, character, and orientation of 
pre-Cambrian orographic units? 

14. How extensive was the Stillwater norite sheet? Why does it show 
such excellent pseudo-stratification? How is it related to the associated 
chromites, and why is its occurrence (or outcrop) localized as it is? 

This enumeration of problems is necessarily suggestive rather than 
exhaustive, but probably suffices to show two things: 

1. That in spite of the great amount of excellent work that has been 
done in the Beartooth-Bighorn region since the days of the Territorial 
Surveys, much more remains to be done there. 

2. That the problems of the area that await solution are so many, so 
varied, and so interlocking that scientific teamwork of a high order is 
essential if clear-cut and satisfactory solutions are to be reached. 


PART III. PROBLEMS OF BASEMENT STRUCTURE 
(CHAMBERLIN) 

Dr. Bucher and Dr. Thom have outlined some of the structural and other 
problems now being investigated cooperatively in the vicinity of Red 
Lodge, Montana. The scope is wide and calls into play all our present 
methods and resources of investigation. The modern approach to prob- 
lems of orogeny demands full recognition of the third dimension and of 
the physical conditions in the hidden depths which can be explored only 
by geophysical means. Needed information that lies within the possible 
reach of these methods in the Beartooth-Bighorn region may be listed 
under two main heads, as follows: 

I. Structural conditions (determined by seismic methods). 
. Depth of the sediment-filled basins (Bighorn and Powder River). 
. Attitude in space, and depth beneath surface, of the major thrust planes. 
. Presence of high-angle faults in the crystalline basement. 


. Shape of selected major intrusive bodies. 
. Thickness of volcanic cover in the Yellowstone region. 
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II. Gravitative conditions (determined by geodetic methods). 
1. Value of gravity and the anomalies at properly spaced points. 
2. Density of rock materials. 


Thanks to the cooperation of the United States Coast and Geodetic 
Survey, and especially to the keen interest shown by Dr. Bowie, data of 
the second group are now being accumulated. As there is considerable 
variance of opinion as to the part played by isostasy in earth behavior, 
a better understanding of the significance of gravity anomalies is of prime 
importance. What seems to be particularly needed, in order to learn the 
truth of the matter, is to check the geodetic results for a typical area 
by the actual geology of that area. Such a check is now under way. 

The force of gravity at any point on the earth’s surface is dependent, 
to an appreciable extent, on the density of the immediately underlying 
rock formations. The rocks closest to the instrument exert proportionally 
the greatest force, since gravitative attraction varies inversely as the 
square of the distance. Consequently, when gravity deductions are based 
on the assumption of uniform density of the underlying column of rock, 
an error in method is introduced. To investigate this error and to deter- 
mine its importance and nature is one of the studies now in progress. 

If the value of gravity, instrumentally determined at a gravity station, 
checks with the theoretical sea level value for the latitude, corrected for 
the elevation of that station above sea level, for the topography, and for 
isostatic compensation, the area is said to be isostatically compensated. 
Any difference between the observed value and the computed value is the 
isostatic gravity anomaly. The magnitude of the gravity anomaly has 
been used to measure the departure of the area from complete isostatic 
equilibrium. Obviously, this can be true only if the underlying column 
of rock has the uniform density which has ordinarily been assumed. If, 
however, the upper portion of the column nearest the instrument be of 
exceptionally heavy rock or exceptionally light rock, this should affect 
the results. The immediate question therefore is: To what extent is 
there a relation between the gravity anomalies and the density of the sur- 
ficial rock formations near the gravity stations? Do they show corre- 
spondence and, if so, how closely do they agree? 

This is not a new question—it has been ably treated by David White * 
in his presidential address before the Society—but the attack thus far has 
been largely qualitative. Now we seek quantitative results. We are 


“David White: Gravity observations from the standpoint of the local geology, Bull. 
Geol. Soc. Am., vol. 35 (1924) pp. 207-277. 
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attempting to check the geodetic results with the local geology and, there 
being some agreement, to calibrate the geodetic method and the anomalies 
obtained by it. 

We have carefully located 44 points for gravity stations, and 37 of 
these have been occupied by a Coast and Geodetic Survey party for the 
determination of the gravity and the anomalies. These stations cover a 
large diversified area of plains, mountains, and basins from east of the 
Black Hills to Yellowstone Park—specifically, from east to west, the 
Great Plains, Black Hills, Powder River Basin, Bighorn Mountains, Big- 
horn Basin, and Beartooth Mountains. Except in areas of pre-Cambrian 
rock, the stations were located, so far as possible, at or close to the contact 
of two formations, so that their positions with respect to the stratigraphic 
column were definitely known. The stations were also located on flat 
ground so as to be available for torsion-balance work if it should be desir- 
able to check the results by the resources of that method of investigation. 
The Geodetic Survey has kindly given us the computed gravity anomalies 
(both by the free-air method and by the isostatic method) for 37 of these 
stations. 

On the geologic side we must know the density of the rock formations. 
Some 200 samples were collected from all the formations of the region 
from the Wasatch (Eocene) to the accessible pre-Cambrian, inclusive. 
These samples have been obtained both from outcrops and from drill 
cores, and it is hoped that they are fairly representative and typical, but 
it may be found desirable to obtain more before the study is complete. 

Determinations of the specific gravities of the samples have been made 
by Claud Langton. Mr. Langton has determined the bulk density, or 
specific gravity, of each sample after drying at 110° C. for twelve hours. 
This has been done by the displacement of mercury in a Russell tube. He 
has then determined the grain density, or specific gravity of the material 
of each sample in finely puverized state, by displacement of pinene, a 
turpentine distillate, also in the Russell tube. For a control experiment 
the grain density has been checked, in certain cases, by the slower pic- 
nometer method, using acetylene tetrachloride and pinene. From the 
bulk density and the grain density the porosity of the sample is readily 
calculated. Finally, the specific gravity of the rock formation in the earth 
has been obtained by adding to the bulk density of the thoroughly dried 
sample the weight of water necessary to fill the pore spaces in the rock. 

For each gravity station Dr. Thom has supplied the underlying strati- 
graphic column, giving the probable thickness of each formation. On 
this are placed the specific gravities. Then, taking into account the depth 
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of each formation below the surface, the gravitative pull of the whole rock 
column on the station is calculated, and this is compared with the gravita- 
tive pull of the corresponding theoretical isostatic column. The differ- 
ence is checked against the Geodetic Survey’s gravity anomalies. Unex- 
pected difficulties, however, have considerably delayed this work so that 
it seems best to withhold conclusions for a later presentation. 

Pending the completion of more detailed calculations, it may be stated 
that a striking relationship between the sign and magnitude of the gravity 
anomalies and the density of the immediately underlying rocks is evident. 
More stations show positive anomalies than negative, and the largest 
positive anomalies are on the high-standing pre-Cambrian rocks of the 
Black Hills and the Bighorn Mountains. The negative anomalies are 
confined to the lower portions of the basins where the filling of light sedi- 
ments is exceptionally thick. A generalized section, expressing the cor- 
relation between the isostatic gravity anomalies, the larger features of 
the present topography, and the nature of the underlying rocks, is given 
in Figure 5. Because of these close relationships, local occurrences of 
unexpected positive anomalies in the basins lead one to suspect the exist- 
ence of buried anticlines not evident from the surface structures. 

We seek the regional anomaly picture when allowance is made for the in- 
fluence of surface-rock density. Because of the topographically and struc- 
turally diverse nature of this area of alternating mountain groups and 
prominent basins, it is believed that something more may be learned, in 
this way, of the real magnitude and significance of the gravity anomalies, 
and what is indicated as to the degree of isostatic adjustment, its relation 
to the structural units, and what suggestions there may be, if any, as to its 
nature. 

Orographic units, like other geologic structures, require consideration 
in three dimensions for an understanding of their mechanical develop- 
ment. We know too little about what has taken place deep down in the 
different types of mountain building. What is the manner of adjustment 
between the folded surficial shell and that which lies beneath? Is the 
folded block thicker and deeper in its central portion than it is toward 
the margins? The latter question involves a determination of whether 
or not the Bighorn and the Beartooth ranges are wedge-shaped blocks 
which have been elevated. Thrust faults dipping in under the mountain 
mass have formed in places along both the eastern and western flanks of 
the Bighorns. As the crustal shortening in the Bighorns has not been 
great, the displacements along these faults have been moderate, but they 
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are suggestive. If the position 
and inclination of basement 


Montana seem to be explained 
best as surface expressions of 
renewed movement along older 
structures in the basement 
rocks. The surficial cover of 
Mesozoic beds has apparently 
been torn in some places, and 
bent in others, by shifting 
along deeply buried faults. In 
fact, it is becoming increas- 
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ingly evident that much of the control of the surface structures lies in 
the basement. So far, only the surface evidence is available. However, 
it would seem possible by geophysical methods to determine the location, 
orientation, and distribution of the deep-lying planes of slippage, or shear, 
which appear to have been so all-important in controlling the structural 
behavior of the sedimentary cover. 

This is but one phase of the broader study of the configuration of the 
crystalline floors of the major basins. It will probably be best to start 
with seismographic determination of the thickness of sedimentary fill near 
the flanks of the bordering mountain ranges, where results may be checked 
to some extent by the known geology, and then to advance into the deeper 
parts of the basin. Such a study will aid in determining what caused and 
located the sharp “punch-up” domes, now actively yielding oil, which 
occur so characteristically in the broad basins. 

An understanding of the tectonics of this area of significant diversified 
structure must await the solution of its many problems along these and 
other lines. A better region for such coordinated, cooperative studies 
would be hard to find. 
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INTRODUCTION 


Data, indicating that contraction commonly takes place in cherts as 
they pass from a stiff gel into the true opaline phase, have been collected 
by the writer in the course of field work in California during a number 
of years. Microscopic examination of the purer cherts, especially those 


* Manuscript received by the Secretary of the Society, May 8, 1933. 
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of the Miocene, indicates that rather irregular contraction has taken 
place in many instances. Although this irregular contraction toward 
dispersed centers is perhaps the most universal type, there are certain 
regular megascopic forms that are probably of greater general interest. 
These assume the form of concentrically banded oblate spheroids, the 
bands being of ordinary chert alternating with chalcedony or, more rarely, 
almost pure opal. The relatively pure bands of chalcedony (or opal) are 
often spaced with truly remarkable regularity and produce a striking 
effect. Such spheroids are not confined to the marine Monterey and 
Franciscan cherts but occur also in certain fresh-water cherts in Nevada 
and in strongly metamorphosed cherts in the Sierra Nevada. They are 
not unusual phenomena of rare occurrence but are widespread and occur 
in almost all cherts, being especially abundant in those of the Monterey 
(Miocene). 

Not only are these contraction phenomena of considerable interest 
in themselves, presenting as they do a number of geological and physio- 
chemical problems, but also they contribute toward the solution of several 
somewhat obscure problems regarding the formation and consolidation 
of the cherts. For these reasons, and because they have not been men- 
tioned previously, a somewhat detailed description will be given of them 
and of the siliceous sediments in which they occur. The phenomena 
themselves, their field occurrence and relations, and all pertinent obser- 
vations under the microscope will be described, and evidence for regarding 
them as contraction phenomena will be presented. 

The writer wishes to acknowledge his indebtedness to J. R. Dorrance, 
who first brought to his notice the perfectly formed and abundant spher- 
oids in the Monterey sediments at Drakes Bay, and to R. C. Kerr for 
directing his attention to the Jolon district. Dr. M. G. Edwards found 
the large and somewhat unusual spheroids in Monterey diatomite in the 
Huerhuero district. Dr. E. F. Davis and Dr. Edwards accompanied the 
writer on several field trips, and he is greatly indebted to them for many 
valuable suggestions. He is especially indebted to R. E. Turner for 
assistance in the field and in the laboratory throughout the entire 
investigation. 


STRUCTURES DEVELOPED BY CONTRACTION TOWARD 
DEFINITE CENTERS—THE SPHEROIDS 
GENERAL CHARACTER OF THE SPHEROIDS 


The rhythmically and concentrically banded spheroids are by far the 
most striking phenomenon ascribed to contraction and are one of the 
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most interesting features of the cherts. They vary greatly in size and 
mode of occurrence, but all are characterized by bands of normal chert 
or hard porcelanite separated by narrower concentric bands of fibrous 
chalcedony or opal. In form they vary from almost spheroidal to 
strongly oblate, and in size from a fraction of an inch to an observed 
maximum of six feet; usually, they are less than nine inches in major 
and less than three inches in minor diameter. As a rule, the major diame- 
ter is parallel to the bedding of the enclosing rocks, but in some beds the 
spheroids are so numerous and so closely crowded that they mutually 
interfere, and the major diameter may become strongly tilted or even 
greatly warped. Figure 1 is a one-point perspective block diagram of 
an ideal concentrically banded oblate spheroid. The black bands represent 


Figure 1.—Block diagram of ideal spheroid 


chalcedony, and the white background, normal chert or porcelanite. In 
many of the spheriods found in the Miocene sediments the banding is 
almost as regular as in the ideal case. In sections parallel to the equa- 
torial belt the bands are, of course, circles; in any other plane they are 
elliptical. 

For convenience of reference the broader chert or porcelanite bands 
will be spoken of as rock bands, and the narrower bands as chalcedony 
or opal bands, as the case may be. As they nearly always take the 
form of an oblate spheroid and as they are believed to be due to con- 
traction, they will be referred to hereafter as contraction spheroids or 
simply as spheroids. The evidence that leads to the belief that they are 
due to contraction will be presented. 

These spheroids are not formed about a nucleus. Any impurities in 
them are distributed just as they are in the normal rocks in which the 
spheroids are developed. 
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Generally, these spheroids occur as scattered individuals in layers of 
chert or porcelanite, the rock bands differing in no particular from the 
bed in which they appear. Numerous examples of this mode of occur- 
rence are illustrated in the accompanying illustrations. Spheroids of 
this kind have no tendency to weather from the rock as definite indi- 
viduals, or to separate from it when broken, but fracture precisely as 
the rock would normally fracture if they were not present. They are 
simply a part of the bed and do not differ from it, except for the fact 
that any pure chalcedony or opal present assumes the form of concentric 
bands. 

The rock bands are of normal chert or porcelanite and contain all the 
impurities usually present in these rocks; the narrower bands, whether 
of chalcedony or opal, are much purer than the rock bands and either 
contain none of the impurities present in the normal rock or a minor 
amount of the impurities as accidental inclusions. Even when the cherts 
have been converted into granular chalcedony, or even a fine quartz 
mosaic, as in most of the Franciscan (Jurassic) cherts and some of the 
more strongly folded Miocene cherts, the original chalcedonic bands are 
readily recognizable in that they contain few impurities and the chal- 
cedony fibers are coarser. 

There is great variation in width and proportion of the bands. In 
general, the purer the cherts the thinner and more numerous are the 
bands of both types. The results of a number of careful measurements 
indicate that the chalcedony bands constitute from less than 20 to more 
than 40 per cent by volume of the spheroid, as measured within the 
outermost closed chalcedony band. Nearly always the rock bands are 
wider than the chalcedony bands, and usually they are two or three 
times as wide. The chalcedony bands vary in thickness from less than 
-01 millimeter to as much as 5 millimeters. Normally, they are less 
than 1 millimeter wide. 

An almost constant characteristic is a thickening of the bands in the 
direction of the major diameter, and this thickening becomes more accen- 
tuated the greater the flattening of the spheroid. This peculiarity and 
its meaning will be discussed later. 


SIMPLE AND COMPOUND CONTRACTION SPHEROIDS 


As a rule, the spheroids in cherts and porcelanites are not closely 
crowded but stand more or less alone and are scattered at intervals 
throughout any particular bed. However, in some places they become 
closely crowded and mutually interfere, so that the outer bands may 
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MONTEREY CONTRACTION SPHEROID LOCALITIES 
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Showing location of areas in which spheroids are abundant. 
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warp about two or more centers. Clusters of four or five such spheriods, 
having their long diameters in the same plane and having outer bands 
common to all, are frequently seen. When the central parts of clusters 
do not lie in the same plane, the warping of the outer bands may produce 
rather fantastic forms, 

At a number of localities, especially in the Monterey, spheroids occur 
in rocks other than cherts and porcelanites. They are not uncommon in 
diatomite, where they appear either as distinct individuals or as groups 
that unite to form a lenticular chert bed. Many of them occur also in 
fine tuffs and tuffaceous sandstones and some in normal detrital sand- 
stones. Where spheroids occur in diatomite, tuffs, or sands, the rock 
bands are not, of course, of those materials but are of chert identical 
with that of the ordinary chert beds of the Monterey. 


DISTRIBUTION OF THE SPHEROIDS 


Spheroids of the type briefly described above are common in the marine 
Miocene of the California Coast Ranges, where beds containing abundant 
spheroids may be traced for many miles. They are not confined to any 
one horizon but may occur anywhere in the great thickness of siliceous 
marine strata, having been found a short distance above the top of the 
Vaqueros sandstone and less than 100 feet below the base of the Santa 
Margarita. In some localities they occur at intervals through several 
thousand feet of siliceous sediments. 

Plate 11, an index map of central California, shows the localities 
visited and studied by the writer. Without doubt, the spheroids are of 
much wider distribution than the map would indicate. They appear to 
be more abundant in the Monterey, but this may be due to the fact 
that the writer has spent more time in mapping and studying this unit 
than any of the other great siliceous series of the State. They may be 
quite as abundant in the Franciscan, but the greater metamorphism 
undergone by these rocks has tended to obscure them. 

They have been observed by the writer in the Monterey from Drakes 
Bay on the north to the Purisima Hills on the south, a distance of nearly 
300 miles. Undoubtedly, they are present in the Monterey of southern 
California, especially in Ventura County, but no search has been made 
for them south of Point Conception. They are certainly not rare or 
unusual objects, as they occur wherever rather pure siliceous sediments 
are developed. 

Although not so abundant in the Franciscan as in the Miocene, sphe- 
roids are rather widespread and have been observed at a number of 
localities in the Coast Ranges south of San Francisco Bay. 
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Rather badly contorted but still recognizable spheroids have been found 
in the Hunter Valley cherts (Triassic or Jurassic) in the Sierra Nevada. 
These are red, green, and white radiolarian cherts, interbedded with 
basic and intermediate volcanic ash, which greatly resemble the Fran- 
ciscan cherts, except that they have been more severely metamorphosed, 
and the original structures have been largely obscured. 

That the spheroids are not confined to marine cherts is shown by their 
presence in tuffaceous fresh-water sediments of lower Pliocene age in 
Nevada. This locality has not been visited by the writer, but V. L. 
Vander Hoof has kindly given him excellent specimens from a thin chert 
layer in tuffaceous sandstone in the Esmerelda Lake beds (Lower Plio- 
cene) from the north end of Fish Lake valley, White Mountain quad- 
rangle, Nevada, which do not differ in any important respect from many 
found in the marine Miocene sediments of California. 

Among a collection of fossils from Arkansas, submitted to B. L. 
Clark, a number of pieces of typical novaculite were included, several 
of which contain almost entire spheroids that do not differ either mega- 
scopically or microscopically from the spheroids found in the Franciscan. 


CONTRACTION SPHEROIDS IN THE MONTEREY 
MONTEREY SEDIMENTS 


Although the Monterey sediments in many places are strongly folded 
and stand at high angles, the deformation has taken place, as a rule, 
, under a relatively thin cover, and the sediments have undergone little 
or no metamorphism due to heat and pressure. Even where a certain 
amount of recrystallization has taken place, original textures and struc- 
ture are rarely obscured, and, as a rule, c'l details of original bedding and 
banding are still preserved. 

Several descriptions of the Monterey sediments are available in the 
literature, the most comprehensive being that by Davis. No description 
of the various siliceous Monterey sediments will be given here, but it is 

necessary to define and to describe briefly certain rocks. 


Cherts 


The ordinary cherts of the Monterey occur as lenses in diatomite, shale, 
volcanic ash, or even sandstone. Usually, they are rhythmically bedded 
with thin partings of shale and locally may be well over a thousand 
feet in thickness. The chert beds are, on the average, two to three inches 


1E. F. Davis: The radiolarian cherte of the Franciscan group, Univ. California Publ., 
Bull. Dept. Geol., vol. 11 (1918) pp. 278-304. 
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A. GROUP OF COMPOUND SPHEROIDS 


Forming a 3-foot lens of pure chert in diatomite. Huerhuero district, San Luis Obispo 
County, California. 


B. SPHEROIDS IN DIATOMITE, HUERHUERO DISTRICT 
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thick, and many of the individual beds are themselves minutely banded 
or laminated. This minute lamination, which is due to a slight segre- 
gation of impurities and organic matter in certain definite lines and is 
regarded by the writer as a colloidal segregation, is quite distinct from 
the bedding, and there is no tendency for the chert layers and lenses to 
part parallel to the laminations. This banding in no way resembles 
the concentric banding of the contraction spheroids. Wherever spheroids 
occur in the laminated cherts, the fine laminae, which are nearly always 
parallel to the bedding, are clearly visible in the rock bands of the 
spheroids, and the chalcedony bands are slightly deflected where they 
cross the laminations. Plate 13A represents an outcrop of thin-bedded 
to moderately thick-bedded Monterey cherts and porcelanites containing 
abundant greatly flattened contraction spheroids. 

The true cherts are white, cream-colored, buff, brown, or black, depend- 
ing on the amount of organic matter present; rarely, they are pink or 
light red, this color being due to iron oxide. They are largely made up 
of opal, with minor amounts of chalcedony, organic matter, calcium 
carbonate in the form of minute rhombs of calcite, volcanic glass and 
mineral fragments, and minute particles of clay. The volcanic glass 
may be fresh or partially or wholly altered to various hydrous silicates. 
Diatoms and foraminifera are present in many beds; the chambers of 
the foraminifera are usually filled with fibrous chalcedony. The pure 
cherts have a waxy luster and a subconchoidal fracture; with the addi- 
tion of impurities other than organic matter, the luster becomes dull 
and even earthy, and the beds pass into the various types of porcelanites. 


Black flinty cherts 


Varieties of black flinty chert are rather common in the Monterey and 
occur as lenses in, or bedded with, the ordinary cherts or other organic or 
chemical sediments. They closely resemble many of the flints found in 
chalk and limestone. They differ from the ordinary bedded cherts in 
being made up largely of chalcedony and differ also to some extent in 
mode of occurrence. Although jet black in color, they are translucent 
to transparent on thin edges, being in this respect much like black 
obsidian. Contraction spheroids are developed in many of these flinty 
cherts. The black flinty cherts have been described in detail by Davis.? 
Both Davis and Tarr * state that the color is due to organic matter. The 
writer is indebted to Parker D. Trask, of the United States Geological 


2K. F. Davis: op. cit., pp. 288-290, 299-303. 
3W. A. Tarr: Origin of the chert in the Burlington limestone, Am. Jour. Sci., ser. 4, 


vol. 44 (1917) p. 413. 
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Survey, for the determination of the organic content of more than fifty 
specimens of various types of rocks from the Monterey. The actual 
percentage of organic matter was not determined, but the relative 
amounts were ascertained by a method devised by Dr. Trask. It was 
found that many of the light- to dark-brown bedded and laminated 
opaline cherts contain two to three times as much organic matter as 
the black flinty fetid cherts. For this reason the black color is not 
regarded as due wholly to organic matter but rather to the state and 
the manner of aggregation of the silica, and perhaps to the state and 
the distribution of the organic matter. In the opaline cherts the organic 
matter is rather evenly distributed through the opal, forming a part of 
the colloid. When the opal crystallizes to chalcedony, water is expelled, 
and the impurities, including the organic matter, are forced to occupy 
minute spaces between the fibers of chalcedony. 

The origin of the cherts has been discussed by Davis* and by the 
writer,>5 who has corroborated the conclusions reached by Davis, and 
advanced additional evidence to show that the cherts are original chemical 
precipitates deposited on the sea floor in much the same condition and 
with the same relations they have at present. 


Porcelanites 


The term, porcelanite, is purely descriptive and has been applied to 
many rock types. As used here, it indicates simply that the rock has the 
general appearance and texture of unglazed porcelain. It is applied to 
dense compact rocks that, clearly, are neither cherts nor shales. They 
have been referred to by other authors as white shales, siliceous shales, 
siliceous mudstones, or impure cherts. 

There are all gradations between true cherts and porcelanites and 
between porcelanites and very definite shales. As the amount of impuri- 
ties in a chert increases, the chert loses its characteristic waxy luster and 
subconchoidal fracture and, although still dense and compact, may be 
seen to be definitely granular. Opal, chalcedony, or both, usually make 
up a large part of the rock. These rocks are white, cream-colored, buff, 
or light to very dark brown. Diatoms and foraminifera, especially the 
latter, may be abundant. 

Several types of porcelanite may be recognized, the type depending 
on the predominant impurity present. In one common type, calcite, in 
the form of minute spherules or rhombs, may equal or even exceed the 


*E. F. Davis: op. cit., pp. 292-299, 402-408. 
5N. L. Taliaferro: The relation of volcanism to diatomaceous and associated siliceous 


sediments, Univ. California Publ., Bull. Dept. Geol., vol. 23, no. 1 (1933) pp. 1-56. 
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opal. All gradations exist, from cherts that contain a few scattered 
spherules or rhombs of calcite embedded in the opal, to rocks in which 
the calcite rhombs become so numerous as to touch and form a sponge- 
like mesh, the interstices of which are filled with opal, or a mixture 
of opal and chalcedony. The calcite may be evenly distributed through- 
out the rock, or it may be concentrated into bands, separated by bands 
largely made up of opal with few rhombs of calcite. In the latter case 
the rocks or weathering develop fine laminations and are somewhat 
similar to the banded cherts. 

The calcite spherules are made up of minute radiating fibers, and under 
crossed nicols show the usual cross; these readily crystallize into rhombs, 
and it is probable that most, if not all, of the calcite has passed through 
the spherulitic stage. The spherules and rhombs of calcite are small; 
in some rocks they average less than .02 millimeter in diameter and in 
others slightly more than .03 millimeter. Such rocks may pass laterally 
into dense siliceous limestones or into siliceous calcareous shales. 

Contraction spheroids are often abundantly developed in these calca- 
reous opaline porcelanites, even where minute calcite rhombs and spher- 
ules make up as much as 40 to 45 per cent by volume of the rock (the 
remainder being largely opal, or a mixture of opal and chalcedony). 

Porcelanites similar in outward appearance are developed where vol- 
canic glass and mineral fragments become abundant in the cherts. All 
gradations exist, from cherts in which a few volcanic fragments are 
embedded to siliceous tuffs with an opal matrix. Contraction spheroids 
have been found in porcelanites containing a moderate amount of 
tuffaceous material. 

The principal types of porcelanites are those in which minute spherules 
and rhombs of calcite become abundant and those in which fine volcanic 
ash is the chief impurity. These may be called calcareous opaline 
porcelanites and tuffaceous opaline porcelanites. 


MODE OF OCCURRENCE OF THE SPHEROIDS 


Spheroids occur in great abundance in the cherts, the black flinty 
cherts, and, to a lesser extent, in certain types of porcelanites. In these 
rocks they simply develop within the beds, and chert and porcelanite 
bands included within the area of the spheroids differ in no way from 
the matrix or bed in which they occur. The spheroids are confined to 
the chert and porcelanite beds and never extend into the shale partings. 
This mode of occurrence is well illustrated in Plates 13B, 18B, 19, and 
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Spheroids are always relatively more abundant in pure cherts than in 
porcelanites, and the chalcedony bands are finer and more numerous. 

In marked contrast with the spheroids in cherts and porcelanites are 
the discrete individuals or groups that occur in diatomite, tuffaceous 
sandstones, and even in sandstones. Large and very regular spheroids 
are occasionally present in diatomite or tuffaceous diatomite, and these 
always lie with their major diameter parallel to the bedding; groups of 
spheroids may coalesce and form chert layers up to 25 or 30 feet long 
and as much as a foot or more in thickness. This mode of occurrence 
is illustrated by Plate 14. Exceptionally well formed spheroids 
of this kind occur in secs. 21 and 22, T. 28 S., R. 14 E., 2% miles 
northeast of Huerhuero School, San Luis Obispo County, California, 
where they were first found by M. G. Edwards. Here the upper part 
of the Monterey consists of diatomite, siliceous calcareous shales, tuff, 
limestone, and chert, with the diatomite predominating. About 140 feet 
below the top of the Monterey, which is conformably overlain by fossil- 
iferous Santa Margarita sandstone, a 4-foot layer of rather pure banded 
red, green, and gray chert contains small scattered spheroids. Sixty to 
seventy feet above the chert bed there are two horizons, separated by seven 
feet of tuffaceous diatomite, in which numerous simple and compound 
spheroids are present. Even where groups unite to form extensive layers 
of chert, the bands conform exactly to the outward form of the indi- 
vidual or group. The bedding lines of the diatomite do not warp about 
the spheroids as they do in all other occurrences observed (in rocxs other 
than cherts and porcelanites) but apparently pass from the diatomite 
into the spheroids without notable deflection. This and other slight 
differences lead to the belief that, although their form and banding are 
due to contraction, the opal forming them was not flocculated in exactly 
the same manner as the opal of the ordinary cherts. It is thought that 
the opal forming these spheroids diffused through a soft diatom ooze 
at the time of its formation, or immediately after, along certain rather 
definite horizons, and completely replaced the siliceous ooze. The source 
of the silica was probably the same as that postulated by the writer as 
the source of cherts in general.® 

Closely crowded spheroids are found in fine tuffaceous sandstones in 
a number of places, notably at Drakes Bay, the Jolon district, and in 
the northern part of the Adelaida quadrangle. As the beds at Drakes 
Bay are typical, a description of these will adequately illustrate the mode 
of occurrence. 


®N. L. Taliaferro: op. cit. 


rage 


VOL. 45, 1934, PL. 15 


BULL. GEOL. SOC. AM. 


“ABg 94} Jo 193099 94} 

ysoulje sessed ‘Bulppoq 0} onp ‘pueg 
ALINV199u0d V NI (WALANVIG 
NI LOOA V) AHAHdS NOILOVULNOD 


“ABG Soyeig 
*punodwiod oie sproreyds Jo 


SGIOUAHdS GANOVd ATHSO'ID AO GHA ‘V 


“See | 
= 


BULL. GEOL. SOC. AM. VOL. 45, 1934, PL. 16 


A. LARGE CONTRACTION SPHERES IN MASSIVE CHERT, 
DRAKES BAY, CALIFORNIA 


B. CONTRACTION SPHEROID IN PURE CHERT 


Numerous narrow bands of chalcedony (dark) separated by wider bands of chert (light). 
One-half natural size. Peachy Canyon Road, three miles west of Paso Robles, California. 
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At this locality the Monterey cherts and porcelanites, containing 
abundant contraction spheroids, are fully 600 feet thick; the strata 
becomes somewhat sandier toward the top, and thin beds of fine tuffa- 
ceous sandstone appear. As the cherts and porcelanites disappear up- 
ward, they give way to rather peculiar beds which, as a rule, are about 
half spheroids and half tuffaceous sandstone or sandy shale. The propor- 
tion between spheroids and matrix varies considerably; there are occa- 
sional layers of shaly tuffaceous sandstone up to a foot in thickness in 
which no spheroids are present, and there are other beds, some of them 
several feet thick, that are made up of closely crowded spheroids with a 
little sandy shale or fine tuffaceous sandstone filling the interstices. Beds 
of this kind resemble somewhat a pillow basalt with closely packed pillows. 
Plate 15A shows a bed of closely packed contraction spheroids. At a dis- 
tance the beds as a whole resemble conglomerates with irregular sand- 
stone partings. These “lumpy” or nodular chert-sandstone beds have 
an exposed thickness of over 300 feet; the top was not seen, as the beds 
disappear beneath an unconformity along the sea cliff. 

Most of the spheroids show excellent contraction banding, with the 
usual bands of chalcedony alternating with normal chert bands; the 
outward form of the spheroids conforms to the banding. Many of the 
nodules do not show contraction bands but are simple spheroidal bodies 
of chert. The shapes of banded and unbanded nodules are practically 
the same, closely approaching a true spheroidal form. The major diam- 
eter, which is one and a half to three times the minor, ranges from three 
to nine inches. Normally, the long diameter is parallel to the bedding, 
but where the spheroids become closely crowded they may lie at any angle. 
Zones of closely packed spheroids alternate with beds containing scattered 
individuals. Bedding is almost entirely lacking in the former but is fairly 
well developed in the latter; the bedding of the tuffaceous sandy matrix 
follows the irregularities caused by the spheroids and wraps about them; 
hence, it is exceedingly irregular. 

The fine shaly sand (sometimes a sandy shale) that forms the matrix 
is made up of both volcanic and detrital fragments in about equal pro- 
portions. A considerable amount of both fresh and altered volcanic 
glass is present; quartz, orthoclase, acid plagioclase, and a little hyper- 
sthene also occur. The coarser sandstones that occasionally are present 
contain a larger proportion of detrital grains. 

Chert nodules are, as a rule, rather pure and are identical with the 
ordinary bedded cherts. Some beds are somewhat limy, and in these the 
spheroids are identical with the calcareous opaline porcelanites. 
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Spheroids and nodules of chert and porcelanite clearly are not due 
to replacement of the tuffaceous shaly sandstone. In the first place, 
the bedding of the matrix wraps about, and is disturbed by, the spheroids, 
and in the second place, it would be impossible for the opal to replace 
the heterogeneous materials of the matrix and leave no sign of such action. 
Furthermore, a few unreplaced foraminifera are present in the cherts. 

Two hypotheses to account for the “lumpy” chert-sandstone beds sug- 
gest themselves. The individual nodules may have been formed on the 
sea floor through the coagulation of the silicic acid sol (after it had 
reached a sufficient degree of concentration) to a hydrogel which formed 
distinct lumps or masses of stiff gel on loss of water. According to 
Van Bemmelen,’ a gel which contains as much as forty mols of water 
per mol of silica is so consistent that it may be cut, and when the 
ratio is twenty to one it is fairly stiff. Such lumps or masses would 
quickly become stiff enough to resist any change of shape by bottom 
currents and would naturally assume a spheroidal * form on loss of water 
and contraction within the mass. (This is not offered as an explanation 
of the formation of contraction spheroids, as here defined, but simply 
of that of chert nodules.) If these were buried, either rapidly or slowly, 
by volcanic and detrital material, a nodular chert bed would be formed. 
If silicic acid were plentiful, a layer with closely packed nodules and 
little matrix would result. 

Another hypothesis is that the newly deposited wet sediments and 
the silicic acid formed an undifferentiated layer on the sea floor, and 
that as the silicic acid coagulated, it forced the sediments aside and 
collected toward centers rather than in alternate layers of gel and sedi- 
ments (as in the case of the bedded cherts). In other words, the nodular 
beds might be a variant of the rhythmically bedded cherts and shales 
so common in the Monterey. 

The writer believes that the evidence, although not positive, favors 
the first hypothesis. This evidence comprises the following considera- 
tions: the manner in which the bedding of the tuffaceous sandy matrix 
wraps about the nodules, actual bending downward of the sediments 
beneath the spheroidal nodules, and the sharp separation of chert and 
matrix. 


7™J. M. van Bemmelen: Néhere Betrachtungen iiber die von G. Tschermak angenom- 
Kieselsduren, Zeit. anorg. Chem., vol. 59 (1908) pp. 225-247. 
® Theoretically, they would take on a spherical shape, but this would be flattened 
to a spheroidal form by their own weight and by the weight of water above them as 
they passed through the plastic stage. 
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These beds are, in the opinion of the writer, direct evidence that silica 
in large quantities was rapidly added to the water. The exposed thick- 
ness of the nodular beds is 300 feet at Drakes Bay, and fully half of all 
the material is chert, the remainder being volcanic and detrital material 
of silt and sand size. This material accumulated rather rapidly and in 
shallow water, yet silica gel accumulated just as rapidly as the frag- 
mental sediments. The accumulation of these sediments in rather 
shallow water is shown by the presence of occasional coarse sandstones 
and congiomerates interbedded with the cherts in this and other localities. 

Excellent contraction spheroids and spheroidal chert nodules occa- 
sionally occur in moderately coarse detrital sandstones ; the best example 
observed was at Drakes Bay, and others were seen in the Jolon district 
and in the Adelaida quadrangle. The Monterey at Drakes Bay is well 
exposed along the sea cliff, and as it has been folded under a thin cover, 
all details of bedding are preserved. A sandstone interbedded with cherts 
and porcelanites may be traced for several hundred feet along the sea 
cliff. This occurs in the midst of the chert horizon, the beds for several 
hundred feet both above and below being identical. This sandstone does 
not represent an unconformity but is simply a minor interruption in the 
deposition of cherts and porcelanites. It appears to be a current-borne 
sand, shows little or no bedding, and was deposited rapidly; it varies 
from fifteen inches to three feet in thickness and averages less than two 
feet. The sand and the currents carrying it have in places scoured and 
channeled the underlying chert, and there are many angular broken 
chert fragments in the lower part of the sand, torn from the immedi- 
ately underlying beds. In a few places cherts carrying typical contrac- 
tion spheroids have been scoured, and there are sharp angular fragments 
of these spheroids, together with their chert matrix, in the sand. This 
is of the greatest importance in showing that the cherts were brittle 
and capable of breaking into angular fragments shortly after they were 
formed and that the contraction spheroids originated at the time of the 
consolidation of the cherts. 

Perfectly formed contraction spheroids and spheroidal chert nodules 
occur in a definite train, eight feet long at one place in the sandstone. 
This train of some six or seven exposed spheroids is approximately parallel 
to the cherts above and below the sand. The concentric chalcedony bands 
parallel the outward form of the spheroids. No sand grains occur in the 
chalcedony bands or between them and the chert bands, but there are 
ooccasional thin layers, or rather trains of sand grains, parallel to the 
bedding near the edge of the contraction spheroids. These formed in 
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the midst of a sand that was deposited rapidly, and constitute further 
proof of the rapidity of the coagulation and formation of the chert and 
the large amount of silicic acid present at the time; even though the 
water was locally choked with sand, the amount of silica present was so 
great that some of it was forced to flocculate even during the short time 
necessary for the deposition of the sand. 


FORM OF THE SPHEROIDS 


Although nearly all the spheroids are greatly flattened (the major 
diameter being two or three, or even more, times the minor) a few almost 
perfectly spherical forms were found. Numerous localities have been 
visited and many thousands of spheroids have been observed, but no close 
approach to a spherical form has been seen except in rather thick beds 
of chert or porcelanite. All the spheroids in thin-bedded cherts and all 
those that occur as detached individuals in diatomaceous and tuffaceous 
sediments are strongly prolate. The difference in form is not due to 
locality or to degree of folding, as both types occur in adjacent beds. 
This is well illustrated in Plate 15B, which shows a large contraction 
sphere in a thick calcareous opaline porcelanite, overlain by a bed con- 
taining crowded spheroids and underlain by thin-bedded cherts in which 
flattened spheroids occur a short distance away. Plate 16A show a thick 
bed of massive chert in which there are rather numerous large, almost 
spherical forms; some are compound and hence rather irregular. 

The flattened form of the spheroid is, in great measure, an original 
feature, although it may be accentuated by later pressure and folding 
of the beds. It is primarily due to the fact that the spheroids were 
formed while the gel was still somewhat plastic. The detached indi- 
viduals formed from separate lumps of gel which gradually lost water 
while under the weight of a column of sea water above, probably less 
than 100 to more than 500 feet high. They would, moreover, tend to 
spread laterally under their own weight while in the plastic state; hence, 
the major diameter would always be parallel to the bedding, unless inter- 
fered with by an adjacent lump. This, of course, is the usual form of 
chert nodules in general. Any concentric contraction bands formed 
within the individual nodules would originate under the same pressures 
and would tend to be parallel to the surface of the nodule. The plane 
of the major diameter of the discrete spheroids in soft sediments (such 
as diatomite) is concave downward, as though the thinner peripheral 
part had sagged more than the thicker, and better supported, central area. 
This is well illustrated in Plate 20B. No such sagging of the peripheral 
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A. PHOTOMICROGRAPH (xX 7) OF A PART OF A CONTRACTION 
SPHEROID IN CALCAREOUS OPALINE PORCELANITE 


A part of the specimen shown in plate 9, A. Dark bands (porcelanite) and clear bands 
(chalcedony). Drakes Bay. 


B. PHOTOMICROGRAPH (xX 10) OF A PART OF THE SPHEROID 
SHOWN IN PLATE 10, B 


Showing a pair of incipient spheroids developed within a thicker opal band. Huerhuero 
district, San Luis Obispo County, California. 
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A. PHOTOMICROGRAPH (xX 10) OF PART OF A SPHEROID 
IN FRANCISCAN CHERT 


In spite of the thorough crystallization of the chert, the concentric banding is clearly visible. 
Hospital Canyon, Alameda and Stanislaus counties, California. 


B. CONTRACTION SPHEROIDS IN PURE, WHITE MONTEREY CHERT 


This chert layer is interbedded with cherts, punky diatomaceous shales, calcareous opaline 
porcelanites, and limestones. Volcanic ash is abundant in the sediments. One-third 
natural size. Peachy Canyon Road, three miles west of Paso Robles. 
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part of the equatorial plane has been noted in the spheroids in cherts or 
porcelanites. 

The spheroids formed in the thin-bedded cherts would be flattened in 
much the same manner as those described above, as the thin beds, pos- 
sessing little rigidity, would yield to the pressure of the overlying water 
and of any sediments that had accumulated above them while they were 
still slightly plastic. In both the discrete spheroids and those within 
cherts this flattening would result in a thickening of the bands in the 
equatorial plane. The thickening of the bands in the direction of the 
major diameter is illustrated in Plates 17A, 18B, 19, and 20A. 

The thicker and more massive the chert or porcelanite bed, the more 
rigid it would be, and the greater support it would give to any object 
within it. Such beds would give greater lateral support and would oppose 
the tendency toward flattening. Because of this greater lateral support, 
the contraction spheroids in the thicker beds approach more closely a 
true spherical form than those in thin-bedded sediments. 

A certain amount of flattening might result from the compressive 
forces causing the folding of the Monterey, but this is not the primary 
cause, as spherical and strongly prolate forms occur in beds that have 
been subjected to the same degree of compression. Compression, result- 
ing in folding, can have only slightly accentuated the flattening. 

The compressive forces and heat to which the Monterey has been sub- 
jected have not been sufficient, except rarely, to distort the spheroids, 
but occasionally the opal has been converted into cryptocrystalline chal- 
cedony. This change may take place throughout the entire rock, as in 
most of the Franciscan cherts, or it may take place in local zones or 
irregular areas in the less deeply folded Monterey. Not infrequently, 
the Monterey spheroids are in part converted into cryptocrystalline chal- 
cedony, especially in the equatorial zone. The chalcedony thus formed 
is quite distinct from that of the concentric bands, being much finer 
grained, without definite orientation, and containing, between the minute 
granules and fibers, all the original impurities of the chert. This is well 
illustrated in Plate 17A, a photomicrograph of a part of a contraction 
spheroid in a calcareous opaline porcelanite, which shows the thickening 
of the bands in the equatorial zone and the partial crystallization of 
the opal of the rock bands into cryptocrystalline chalcedony in the same 
zone. The clear bands are of fibrous chalcedony and the dark bands of 
opal. The minute points of light are spherules and rhombs of calcite 
which average less than .02 mm in diameter. The larger clear spots in 
the rock bands are tests of foraminifera and mineral fragments. Glass 
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shards and diatoms are sparingly present. The opal is clear and yel- 
lowish-brown in color, owing to bituminous matter. The rock bands are 
identical with the porcelanite layer in which the spheroid occurs. 


CONCENTRIC BANDS 


Although there are a number of types of spheroids and although they 
may be either lacustrine or marine, the concentric bands are similar in 
general form and arrangement in all types. Essentially, the bands are 
of almost pure fibrous chalcedony or, more rarely, pure opal, alternating 
with broader bands of chert or porcelanite. In the calcareous opaline 
porcelanites, calcite may be present in the chalcedony bands, and, for 
short distances, calcite may form the major part, or even all, of the 
band. This calcite is in much larger crystals than the minute rhombs 
in the porcelanite bands. The chalcedony (or opal) bands are much 
purer than the rock bands; the chalcedony in the purer bands usually 
occurs in sheaves, or bundles of fibers, and occasionally in small spherical 
aggregates. This chalcedony is perfectly normal in every respect, having 
negative elongation and the usual refractive index. The refractive index 
of the opal of the rock bands, and therefore the water content of the 
opal, varies considerably even in the same specimen. 

In some spheroids the chalcedony bands are regular and continuous, 
but in others they may exhibit many irregularities. Individual bands 
frequently die out, and in some spheroids many of the bands disappear 
for a short distance. This is illustrated in Plate 16B. 

In many examples a number of outer chalcedony bands are confined 
to the extremity of the major diameter; this is particularly true of the 
spheroids in cherts and porcelanites. This phenomenon is another result 
of the formation of the spheroids in a slightly plastic medium under 
weak static stress. Outer bands confined to the equatorial zone are 
illustrated in Plate 18B. 

The chalcedony bands often send out small apophyses, which may con- 
nect from one band to another. These apophyses extend from an inner 
band into the next adjacent rock band lying away from the center, or 
from an inner to an outer band, clearly indicating that an inner band 
always formed before the next succeeding outer band. The significance 
of this fact will be discussed later. 

Under the microscope, and even megascopically, it is seen that all 
irregularities of one wall are reflected in the opposite wall, showing that 
one side moved with respect to the other, as the result of either con- 
traction or expansion. Movement of one wall of the chalcedony bands 
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with respect to the other is clearly shown in Plate 21A. That this 
movement was not primarily the result of the force of crystallization of 
the chalcedony is shown by the fact that the chalcedony fibers rarely 
extend completely across the band and are only occasionally normal 
to the walls. Furthermore, open spaces, or spaces filled with a second 
generation of chalcedony, are not uncommon. In some of the thicker 
bands these open spaces may be as much as a millimeter wide; usually, 
they are much smaller and can be seen only under the microscope. The 
chalcedony shows the usual mammillated surfaces toward the open spaces. 
Spaces once open but now filled with a second generation of chalcedony 
are shown in Plate 22A. That chalcedony, rather than opal, formed in 
any open spaces present in the cherts and porcelanites is shown by the 
fact that the interior of tests of foraminifera and radiolaria are com- 
monly filled with fibrous chalcedony, sometimes as a single sheaf or brush 
and sometimes as a number of bundles of fibers. Open spaces of any 
kind or origin are, as a rule, filled with chalcedony that has the same 
general arrangement and texture as the chalcedony in the bands. In 
the more calcareous porcelanites the tests of foraminifera are often filled 
with calcite, commonly as a single crystal, and in these rocks calcite 
may form a part of the chalcedony bands. 

Usually, the walls of the chalcedony bands are sharp and distinct, but 
occasionally they are slightly hazy, owing to innumerable small fragments 
of the rock bands torn from the walls; these appear to be floating in a 
matrix of chalcedony. Oftentimes it may be seen that the fragments 
would fit exactly into irregularities of the wall from which they have 
been detached. 

Normally, the chalcedony bands are almost entirely free from the usual 
impurities of the cherts, but in spheroids in very calcareous porcelanites, 
calcite may form an appreciable part of the chalcedony bands; occa- 
sionally, short stretches of the narrower bands are entirely of calcite. 

The rock bands of the spheroids in cherts and porcelanites show the 
same parallel laminations as the beds in which they occur; this parallel 
banding, as previously mentioned, is a fairly common feature of the 
cherts. Most of these laminations, which are within individual chert 
and porcelanite layers, are due to a tendency toward the concentration 
of the more finely divided impurities into fairly definite lines, but some 
of them are due to a variation in the water content of the opal of the 
chert. In some beds these lines are clear and distinct, whereas in others 
they are hazy; under the microscope it is seen that the laminations are 
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not sharply separated but tend to merge one into the other. Many of 
the laminations are due merely to a variation in the organic content. 

Ordinarily, the chalcedony bands are not influenced by the laminations 
and cross them without deflection, but occasionally the bands are slightly 
bent, especially if the lamination causing the disturbance contains an 
unusually large amount of impurities. An exception to this is found 
in the banded calcareous porcelanites, where even a notable variation in 
calcite, from one lamination to another, has no effect on the bands. 
There is no change in the internal texture of the chalcedony bands where 
they cross impure laminations. The bands do not resemble the lamina- 
tions in any respect, and evidently differ in origin. There is, however, 
a faint analogy between the concentric bands and the laminations, in 
that both are alternations of pure and impure bands. 

The only spheroids in which the bands are predominantly of opal 
rather than chalcedony are those that occur in tuffaceous diatomite in 
the upper part of the Monterey in the Huerhuero district. Evidence 
for the belief that these spheroids have an origin somewhat different 
from that of the usual types has previously been presented. Although 
the opal bands of the Huerhuero spheroids are similar in form and 
arrangement to the chalcedony bands of the ordinary spheroids, there 
are certain notable differences. The opal bands are, as a rule, far more 
numerous than the chalcedony bands, and the individual opal bands 
are not so persistent. There is a strong tendency toward the develop- 
ment of fairly persistent opal bands one or two millimeters thick, sep- 
arated by rock bands five or six millimeters wide, which may include 
as many as ten or twelve minute nonpersistent opal bands. Traverses 
across several thin sections show that these thin opal bands vary from 
less than .01 millimeter to .30 millimeter in thickness. Occasionally, 
the opal bands have a central zone of chalcedony or, more rarely, calcite ; 
open cavities in opal bands, against which the opal presents mammillated 
surfaces, are not uncommon. 

A few small, partly formed spheroids are found within the thicker 
opal bands. A pair of such small satellitic incipient spheroids developed 
within an opal band are shown in Plate 17B, a photomicrograph of a 
part of the large spheroid shown in Plate 20B. 

Actually, there are two distinct types of concentric banding in the 
Huerhuero spheroids. One is the ordinary type and is controlled by 
contraction. This results in pure opal bands, sometimes with chalcedony 
centers, or even open spaces. The other type is due to segregation and 
exactly parallels the concentric bands. This banding is the result of a 
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A. SIMPLE CONTRACTION SPHEROID IN CALCAREOUS 
OPALINE PORCELANITE 


Note thickening of the dark chalcedony bands along major diameter and the irregularity of 
the outer band. Note also the apophyses of chalcedony extending away from the bands. 
The chalcedony bands make up 35 per cent by volume of the spheroid. Drakes Bay. 
Three-fourths natural size. 


B. COMPOUND OR “DOUBLE-EYED” SPHEROID 


Formed by two interfering spheroids lying in the same plane. In calcareous opaline 
porcelanite. Drakes Bay. Three-fourths natural size. 
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A. CONTRACTION SPHEROID IN FAINTLY BANDED CALCAREOUS 
OPALINE PORCELANITE 


Shows form in two dimensions (faint, irregular vertical line through lower part is a right 

angle corner). Note the decided thickening of the bands in the direction of the major 

diameter, and numerous small apophyses extending away from the dark chalcedony bands. 
Drakes Bay. Two-thirds natural size. 


B. LARGE DISCRETE CONTRACTION SPHEROID 


Occurs in tuffaceous diatomite near the top of the Monterey. Alternate bands are of chert 

and opal. The equatorial plane is concave downward, a common feature of discrete spher- 

oids in soft sediments. Huerhuero district, San Luis Obispo County, California. One-fourth 
natural size. 
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slight concentration of impurities in certain definite lines and is identical 
with the banding that produces the parallel laminations so common in 
many cherts. No concentric segregation effect has been noted in the 
ordinary spheroids with chalcedony bands, although more than a hundred 
thin sections have been studied under the microscope. 

Parallel laminations are also present in the Huerhuero spheroids, and 
these, combined with concentric contraction and colloidal segregation 
banding, frequently produce a decided grating pattern under the micro- 
scope. This is illustrated in Plate 21B, a photomicrograph of a part 
of the large spheroid shown in Plate 20B. Both the darker parallel bands 
and the concentric bands are due to a slight concentration of the impuri- 
ties normally present; both types of segregation banding are identical, 
although the parallel bands are slightly more distinct. 

Although the ordinary concentric banding may resemble Liesegang 
rings, their form and arrangement are not controlled by diffusion but 
are due to the crystallization of chalcedony from a silica gel, in spaces 
opened by internal forces originating within the gel. Any open space, 
regardless of its origin, is filled with chalcedony rather than opal. Tests 
of foraminifera and radiolaria, small apophyses from the bands, small 
veinlets, and all the minute irregular contraction forms are filled with 
chalcedony having the same arrangement and texture as that of the 
concentric bands. Apparently, the silica gel, when free to do so, crys- 
tallized directly as chalcedony, and in crystallizing freed itself from the 
impurities normally entangled in the gel. The origin and mode of 
formation of the bands will be discussed later. 


SPHEROIDS IN LACUSTRINE CHERTS 


No organized search for contraction phenomena in lacustrine cherts 
has been made by the writer, but that they are not confined to marine 
cherts is shown by the presence of perfect spheroids in lacustrine cherts 
in Nevada. The writer is indebted to V. L. Vander Hoof for specimens 
of cherts and spheroids from the Esmerelda formation and for a descrip- 
tion of the beds in which they occur. Spheroids are present in a thin 
chert layer in tuffaceous sandstone at the north end of Fish Lake valley, 
White Mountain quadrangle, Nevada. According to Mr. Vander Hoof, 
the Esmerelda lake beds in this vicinity consist of tuffs, tuffaceous sand- 
stones, shales, sandstones, and an occasional chert layer. In a nearby 
locality, fresh-water diatomaceous earths are interbedded with the tuffs. 
Well-preserved vertebrate fossils, indicating a Lower Pliocene age, are 
found both above and below the chert containing the spheroids. 
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The contraction spheroids from the Esmerelda lake beds are identical 
with those that occur in the marine Monterey cherts in California. They 
show the same concentric chalcedony bands alternating with bands of 
the same chert as that which forms the beds in which they occur. 

One of the lacustrine spheroids shows a feature which appears also in 
a few spheroids in the Monterey. The concentric chalcedony bands have 
spread laterally, parallel to the bedding, and form thin, rather irregular, 
often closely spaced, chalcedony laminations, or veinlets. These plane 
parallel veinlets differ somewhat from the concentric chalcedony bands 
in that the chalcedony fibers are normal to the walls and extend com- 
pletely across the veinlets. This feature is illustrated in Plate 22A. 
Usually, the parallel veinlets are not present throughout the spheroid 
but are confined to the periphery. 

The lacustrine cherts formed in shallow water, and it is possible that 
the pressure of the column of water above was not sufficient to prevent 
the chalcedony, as it crystallized in the contraction bands, from forcing 
its way outward as thin parallel veinlets. Another possible explanation 
is that the gel, from which cherts and spheroids that show this feature 
were formed, was in a more hydrated form, and hence was more yielding, 
when the chalcedony began its crystallization. It is also possible that the 
gel did not harden as rapidly as usual. 

This feature is rather interesting, but it is rare and appears to have 
little bearing on the problem of the formation of the concentric banding. 
It is not an exclusive feature of lacustrine cherts, as it is found, although 
rarely, in the marine Miocene. 


SPHEROIDS IN FRANCISCAN CHERTS 


Although no intensive search for spheroids in Franciscan cherts has 
been made, they have been found in a number of localities in the course 
of field work in the Coast Ranges of California, south of San Francisco 
Bay. Since complete descriptions of the Franciscan cherts have been 
given by Lawson ® and by Davis,?° little need be said here regarding the 
mode of occurrence and origin of these rocks. No previous reference 
has been made, however, to the phenomena which form the subject of the 
present paper. 

The Franciscan cherts are typical examples of the well-known radio- 
larian type, so common the world over. In rhythmic bedding and in 


®°A. C. Lawson: Geology of the San Francisco peninsula, U. S. Geol. Survey, 15th 
Ann. Rept. (1895), U. S. Geol. Survey Geol. Atlas, San Francisco folio No. 193 (1914). 
10K. F. Davis: op. cit. 
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A. PHOTOMICROGRAPH (xX 12) OF A PART OF A SPHEROID 
IN RATHER PURE CHERT 


All irregularities of one wall of a chalcedony band are reflected in the opposite wall, indicat- 
ing a movement of one wall with respect to the other. Note slight concentration of impurities 
along the walls of the chalcedony bands. Drakes Bay, California. 


B. PHOTOMICROGRAPH (xX 10) OF A PART OF A SPHEROID 


Concentric opal bands, often with chalcedony centers. Horizontal color banding is parallel 

to the bedding and represents faint laminations due to a slight concentration of impurities by 

colloidal segregation. There is also a faint concentric color banding. Huerhuero district, 
San Luis Obispo County, California. 
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A. PHOTOMICROGRAPH (xX 10) OF A PART OF A SPHEROID 
IN LACUSTRINE CHERT 


Note the two generations of chalcedony, separated by a thin film of opal, and the strong devel- 
opment of parallel chalcedony banding. Esmerelda formation, Fish Lake Valley, Nevada. 


B. GREATLY FLATTENED SPHEROID IN CALCAREOUS PORCELANITE 
Drakes Bay. Two-thirds natural size. 
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minor banding they are similar to the Monterey cherts, but in many 
other respects they are dissimilar. Finely disseminated iron and man- 
ganese oxides and carbonates are almost universally present, and these 
give the cherts their prevailing red, green, and chocolate colors; in color 
they contrast strongly with the white Monterey cherts. They are con- 
stantly associated with pillow basalts and with basic and intermediate 
tuffs, and, as in the Monterey cherts, the silica is largely of magmatic 
origin. 

Radiolarian cherts were deposited in quite as shallow water (less than 
600 feet) as were the Monterey sediments, as shown by the frequent inter- 
bedding of cherts, shales, sandstones, conglomerates, and even coarse 
boulder beds. The belief of many continental geologists that radiolarian 
cherts are deep-sea deposits has, in the writer’s opinion, little to recom- 
mend it, and this view is not so widely held as it formerly was. De 
Lapparent,™ after a careful study of certain Devonian cherts, expressed 
grave doubt as to the validity of this belief. 

The Franciscan is generally regarded as Jurassic,!* and the cherts are, 
of course, much older and more severely deformed than the Monterey. 
Little of the original opal remains, most of it having been converted 
into chalcedony, or even into a fine-grained quartz mosaic. In spite 
of the crystallization of the cherts, many of the original features are 
still preserved, although often obscured or even partly obliterated. Radio- 
laria, when present, are preserved as clear spots of more coarsely crys- 
talline chalcedony or quartz; in some of them many of the details of 
structure are retained, even though completely crystallized. 

Spheroids have been observed at a number of localities, but the best 
preserved and most perfectly formed were found in pure, pink, green, 
and gray cherts in Hospital Canyon, Alameda and Stanislaus counties, 
22 miles by road south of the town of Tracy. They have also been 
found at a number of localities in the southern part of the Santa Lucia 


11 Jacques de Lapparent : Roches @ Radiolaires du Dévonian de la vallée de la Bruche, 
Bull. Serv. Carte Géol. d’Alsace et de Lorraine, vol. 1 (1924) p. 62. 

12 Although generally regarded as Jurassic, the exact age of the Franciscan has 
always been somewhat doubtful. A few years ago the writer discovered in southern 
San Luis Obispo County a number of well-preserved ammonites and aucellas in shales 
intruded by basalts and serpentines and overlain by a considerable thickness of pillow 
basalts and radiolarian cherts, a characteristic Franciscan assemblage. Crickmay 
regards the fauna as Upper Jurassic, probably upper Thithonian (Am. Midland Nat., 
vol. 18, no. 1 (1932) pp. 1-12). There are unconformities within the Franciscan 
group, with the same characteristic lithologic assemblage of sandstones, shales, con- 
glomerates, cherts, and pillow basalts, both above and below the unconformities, and 
it is possible that the Franciscan represents not only the Upper Jurassic, but extrudes 
downward into the Lower Jurassic, or even into the Upper Triassic. 
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Range, in San Luis Obispo County. All the spheroids found thus far 
in the Franciscan occur in rather pure, pale-colored cherts rather than 
in the deep-red or chocolate-brown iron- and manganese-rich cherts. It 
is possible that appreciable quantities of iron and manganese inhibit 
their formation. 

Contraction rings are clearly visible, both in the hand specimen and 
under the microscope, in spite of the changes undergone by the cherts. 
Usually, they are well preserved and show no distortion due to pressure. 
The banding may result in definite parting, and the contraction sphe- 
roids sometimes split into concentric shells. In most instances, however, 
crystallization has so welded the rock that the rings are only visible as 
faint color bands, white or gray, representing the original chalcedony, 
alternating with bands of the color of the chert in which they occur. 
Under the microscope little difference in texture can be seen because of 
the complete crystallization of the entire rock to a fine mosaic of chal- 
cedony or quartz. The rings, however, are clearly visible, owing to the 
crowding of impurities into alternate zones. MRadiolaria are quite as 
common in the spheroids as in the cherts in which they occur. Plate 
18A is a photomicrograph of a Franciscan chert from Hospital Canyon, 
showing excellent, undistorted concentric banding. In this chert, radio- 
laria are more abundant than usual. 

In a number of the sections examined, secondary minerals have devel- 
oped at the expense of the impurities. The commonest of these appears 
to be zoisite. This occurs in minute, colorless to pale-green needles and 
prismatic aggregates averaging .003 millimeter in diameter and about 
.02 millimeter in length. 

Although the evidence for the origin of the Franciscan spheroids is 
not as clear as that for the origin of the Monterey spheroids, minor 
details having been obscured or obliterated by crystallization, the fact 
that they have the same form and occur in the same type of rock indicates 
that they originated in the same manner. 


SPHEROIDS IN MESOZOIC CHERTS IN THE SIERRA NEVADA 


Radiolarian cherts of Jurassic, and possibly Triassic, age are widely 
distributed in the Sierra Nevada of California, where they are associated 
with pillow basalts and basic and intermediate tuffs. The thick belt of 
cherts that extends through Mariposa and Tuolumne counties has been 
called by the writer** the Hunter Valley chert. This belt, which has 


WN. L. Taliaferro: Geology of the Bedrock complex of the Sierra Nevada, west of 
the Mother Lode (abstract), Bull. Geol. Soc. Am., vol. 44 (1933) pp. 149-150. 
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a maximum thickness of 1500 feet, consists of red, pink, green, and gray 
radiolarian cherts interbedded with basaltic and andesitic tuffs; the cherts 
and tuffs are underlain by pillow basalts having a maximum thickness 
of 1450 feet. 

These cherts are similar to the Franciscan, but they have been more 
completely crystallized, and original textures and. structures have been 
modified or obliterated. Numerous clear spots, representing radiolaria, 
are present, and rarely the spines and details of the structure of the 
tests may be seen. Contraction spheroids are present in certain layers, 
but they have been flattened and somewhat distorted by the severe 
regional metamorphism undergone by these rocks. Concentric banding 
is still discernable in the hand specimen and is clear under the micro- 
scope. Both types of bands are thoroughly crystallized, but the banding 
is clearly defined by the greater concentration of impurities in the 
broader bands, which evidently represent the rock bands. Radiolaria 
are present in the rock bands, just as in the cherts in which the spheroids 
occur. Minute granules of epidote and irregular patches of chlorite 
are present in the cherts and in the rock bands of the spheroids. 

There are much older and more thoroughly metamorphosed cherts in 
the bedrock complex of the Sierras, but these have been so completely 
crystallized that all minor original features have been obliterated. These 
occur at several horizons within the Calaveras group and may range in 
age from Devonian to Carboniferous. In one belt of these older rocks, 
lying west of the Mother Lode in Calaveras and Amador counties, cherts 
and basic volcanic rocks are rather abundant. Fossils in interbedded 
limestones indicate that the age is Mississippian. Although greatly meta- 
morphosed, the rhythmic bedding of the cherts is still recognizable. 
Associated with these cherts are beds made up of small, greatly flattened 
spheroidal lenses of meta chert, now recrystallized to a coarse quartz 
mosaic, in a quartz chlorite schist. Originally, these were probably 
similar to lumpy chert-tuffaceous sandstone beds in the Monterey at 
Drakes Bay, previously described. The lenses of meta chert range from 
an inch to more than a foot in major diameter, which is about the size 
of the spheroids in the Miocene. Owing to the severe metamorphism, 
all original internal textures have been obliterated. It is reasonable to 
believe, however, that these are the metamorphosed equivalent of nodular 
cherts in tuffaceous sediments.** 


14 These beds will be more fully described by the writer in a paper on the structure 
and stratigraphy of the bedrock complex of the Sierra Nevada of California. 
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SPHEROIDS IN NOVACULITE 


Included in a collection of fossils from Arkansas, submitted to B. L. 
Clark, were a number of small water-worn specimens of novaculite, most 
of which show excellent spheroids, similar in almost every respect to 
those in the Franciscan cherts. It is probable that the high percentage 
of spheroids in the fragments is due to selective action on the part of 
the unknown collector rather than to an excessive development of these 
forms in the novaculite. 

As the writer has not had the opportunity of examining these beds 
in the field, nothing can be said regarding their mode of occurrence. 
The following statements are based on the few specimens in the writer’s 
possession and on three thin sections. 

The spheroids are in every respect normal and are similar to those 
found in the Franciscan, as any opal originally present has been con- 
verted into chalcedony. Megascopically, they are shown by rather faint 
concentric color banding. A water-worn fragment of novaculite, with 
part of a spheroid, is shown on Plate 24B. Under the microscope 
the alternate bands are clearly visible, the broader rock bands being 
faintly discolored by finely divided impurities, whereas the bands which 
were originally chalcedony or opal are clear. The rock bands are made 
up of pencils or bundles of chalcedony fibers, oriented at random, which 
in plane polarized light give a slightly mottled appearance similar to 
watered silk or moire. This is caused by the small amount of finely 
divided impurities, caught between the minute chalcedony fibers, which, 
when a bundle is cut transversely, expose more impurities, giving a faint 
yellowish tinge; when the bundle is cut longitudinally, fewer impurities 
are visible, and the chalcedony is clearer. 

The fact that these spheroids are identical with those in other cherts 
would seem to indicate that they originated in a similar manner. 


OTHER OCCURRENCES OF FORMS SIMILAR TO THE 
SPHEROIDS 


A review of the literature shows that forms similar to the spheroids 
have been described and figured from limestones and cherts in a few 
localities, although the origin here advanced has not previously been 
considered. The writer does not intend to suggest that all these diverse 
“eoncretionary” structures are due to contraction; he merely wishes to 
point out their general similarity of form, 
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PHOTOMICROGRAPHS (xX 100) OF A RATHER PURE CHERT, STAINED 
BROWN WITH ORGANIC MATTER 


A and B. Clear chalcedony-filled areas are microscopic forms, both regular and irregular, 
developed by contraction toward numerous irregularly distributed centers. Characteristic of 
many of the purer Monterey cherts. Los Berros Creek, San Luis Obispo County, California. 
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MISCELLANEOUS SPHEROIDS 


. A. Small spheroid in thin-bedded Monterey chert, San Antonio Hills, west of Hames Valley, 
é California. Natural size. 


B. Sphkeroid from the novaculite of Arkansas. Two thirds natural size. 


C. Slightly crushed and sheared spheroid in Monterey chert, Adelaida quadrangle, ten miles 
northwest of Paso Robles, California. Both spheroid and inclosing chert have been com- 
pletely crystallized to chalcedony. Natural size. 


D. Small spheroid in Monterey chert, Drakes Bay, cut to show form in two dimensions. 
Natural size. 
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In 1826-27, Adam Sedgwick *® described certain spheroidal “concre- 
tions” from the Magnesian limestone of the east of England. Although 
these are in limestone, and differ widely from the contraction spheroids 
in chert, they have a few features in common, notably their form and 
the concentric banding. Although Sedgwick did not discuss their origin 
at any length, he evidently considered them to be primary features and 
not due to secondary infiltration, as subsequently suggested. The follow- 
ing statement, taken from Sedgwick’s account,’¢ will illustrate his view 


on their origin: 


“In some instances, beds, or more properly, irregular concretions of car- 
bonate of lime, seem to have separated themselves from the other parts of 
the formation, at the time of its passing into a solid state. . . . These 
masses cannot have been formed by infiltration.” 


A more condensed account of their mode of occurrence is given by 
Garwood," who states: 


“Where fully developed, the concretions assume a spherical form, and are 
sometimes as much as 1 to 2 feet in diameter, the average size being from 
3 to 6 inches. They are composed of fibrous crystals of calcite radiating 
symmetrically from the centre, which frequently consists of a valve of Ascinus 
dubius or Myalina Hausmanni. . . . These concretions occur in irregular 
masses 20 to 30 feet thick, showing here and there rough stratification, and 
often passing laterally into well-bedded limestone. Many of the larger speci- 
mens show well-marked concentric bands developed at regular intervals. . . . 
These beds consist of friable yellow marl, in which are imbedded hard sphae- 
roidal concretions often much flattened. The concretions consist of 85-95 
per cent of carbonate of lime, and 6 to 12 per cent of magnesia, while the 
matrix often contains as much as 50 parts of magnesia on 100 of carbonate 
of lime. The beds are markedly stratified, the lines of bedding passing uninter- 
ruptedly through matrix and concretions alike.” 


Garwood considered these spheroids to be due to segregation of lime, 
contained in the beds, about centers by “concretionary action.” He is 
somewhat vague as to the process of segregation and offers no explana- 
tion of the concentric banding. 

The writer has not examined these beds in the field nor in the hand 
specimen and has no suggestions to offer as to their origin. From the 


15 Adam Sedgwick: On the geological relations and internal structure of the Mag- 
nesian Limestone, Trans. Geol. Soc. London, 2nd ser., vol. 3 (1835) pp. 87-124. 

16 Op. cit., p. 89. 

17H. J. Garwood: On the origin and mode of formation of the concretions in the 
Magnesian limestones of Durham, Geol. Mag., decade 8, vol. 8 (1891) pp. 438-440. 
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rather indefinite descriptions already published, there is no reason to 
suppose them to be due to contraction.** 

In the silicification of limestones, dolomites, and other rocks, banded 
jasperoids are sometimes formed. A typical example of this mode of 
replacement, from the Tintic mining district, has been described by 
Lindgren,’® who states: 

“Silicification of the Tintic type is produced, not by metasomatic replace- 
ment, involving the development of crystals in solid rock, but by a replace- 
ment of limestone or dolomite by colloidal silica, which immediately after- 
ward became transformed into chalcedony or in part into granular quariz. 
Such a colloidal mass would be easily penetrated by electrolites, which by 
reaction with residuary solutions contained in the gel might easily produce 
such rhythmic precipitation rings as are shown in the Tintic rock. . . . The 
resulting mass would at first be soft, easily compressed and crushed and the 
crystallization of the gel would involve a considerable contraction of volume.” 


The banding, illustrated by Lindgren,”® is, as he suggests, due to dif- 
fusion and is somewhat analogous to the segregation laminations in 
cherts and porcelanites, but it is possible that many of the small open 
spaces (or spaces filled by later solutions) are due to contraction of 
the gel. Contraction features, either regular or irregular, might be 
produced by the replacement of almost any rock by colloidal silica, as 
well as by the primary deposition of a gel on the sea floor. 

Forms apparently identical with the spheroids occur occasionally in 
chert nodules in the Burlington limestone in Missouri and have been 
briefly described and figured by Tarr.** Two of Tarr’s figures represent 
undoubted spheroids. His Figure 3 ** is a photomicrograph of a concen- 
trically banded chert nodule with alternate clear and dark bands, which 
is identical with many thin sections of Franciscan and other crystalline 
cherts examined by the writer. In his Figure 5, a photograph of chert 
nodules in the Burlington limestone, the large nodule, against which the 
notebook is resting, shows definite concentric banding; according to the 
scale this is about two feet in length. These nodular masses appear 


18 According to an announcement by the Journal of Geology, a paper is to appear 
in the near future on the origin of the concretionary structures of the Magnesian 
limestone at Sunderland, England, by W. A. Tarr. This is not available at the present 
writing. 

2 W. Lindgren and G. F. Loughlin: Geology and ore deposits of the Tintic Mining 
District, Utah, U. 8. Geol. Survey Prof. Pap. 107, pt. III (1919), The ore deposits 
(Lindgren) pp. 156, 157. 

2” Op. cit., pls. 18, B, and 19, B. 

WwW. A. Tarr: Origin of the chert in the Burlington limestone, Am. Jour. Sci., 
4th ser., vol. 44 (1917) pp. 409-452. 

22 Op. cit., p. 417. 
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to be somewhat similar to the discrete Monterey spheroids in diatomite, 
tuffaceous sandstone, and sandstone, previously described. 
Regarding the origin of this banding, Tarr ** states: 


“If the waters were shallow, currents and waves might have shifted and 
rolled the masses of gel about, thus tending to form larger aggregates. This 
rolling aided in producing the banding of the chert, but only the relatively 
small masses were rolled about. Circular bands are found only in the smaller 
aggregates, those not exceeding 8 or 10 inches in diameter. . . . As growth 
proceeded, the banding and mottling of the chert was developed, due to car- 
bonaceous materials that are believed to have been included in the chert as 
it grew. . . . Asno masses of limestone have been observed which contained 
these circular bands, it is concluded that they do not owe their origin to 
replacement, but are original structures of the chert.” 


The spheroids described by the writer could not have been formed by 
rolling about and picking up impurities and additional layers of gel. 
In the first place, their form is far too perfect to admit of this origin, 
and in the second place, they are commonly an integral part of cherts 
and porcelanites, in which they were formed after the parallel lamina- 
tions of these rocks. There are many other obvious arguments against 
this mode of origin. Tarr states ** that such features are proof of the 
original deposition theory of the origin of cherts and could not be ex- 
plained by the theory of secondary replacement. The writer considers 
that Tarr has clearly proved the primary origin of the chert nodules 
in the Burlington limestone but does not believe that concentric banding 
of this kind is developed only as a result of primary deposition. This 
concentric banding and related phenomena are a result of forces acting 
within the gel during loss of water, and are not necessarily confined to 
primarily deposited silica, resulting in cherts like those of the Monterey, 
the Franciscan, and other formations, but would develop quite as readily 
should a limestone, or other rock, be replaced by colloidal silica. The 
same contraction would take place irrespective of the origin of the gel. 

Concentric color banding, often resulting in perfect spheroids, is 
commonly produced by weathering in many types of rocks. This is, 
of course, a diffusion phenomenon caused by the rhythmic precipitation 
of iron hydroxides and other substances in the weathered rock. In form 
and appearance, spheroids, thus produced, resemble the contraction sphe- 
roids, but obviously they differ in origin. 


8 Op. cit., pp. 437, 438. 
™% Op. cit., p. 446. 
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CONTRACTION TOWARD NUMEROUS DISPERSED CENTERS 


Almost everywhere in the purer Monterey cherts are found small, 
scattered chalcedony-filled areas, some of them irregular but others of 
striking regularity of form. These can be distinguished only in the 
opaline cherts whose ground web has undergone no change to chalcedony, 
as they are obliterated by crystallization. They occur abundantly in 
the pure cherts, either massive or laminated, sparingly in the opaline 
porcelanites, and in the rock bands of spheroids. They are more ubiq- 
uitous than the spheroids but, unlike the latter, are distinguishable only 
under the microscope, as they rarely exceed 0.5 millimeter in length, 
and usually are much smaller. They are filled with fibrous chalcedony, 
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FicureE 2.—Common microscopic forms developed by 
contraction toward dispersed centers 
Idealized sketch, black dots indicating approximate cen- 
ters toward which contraction took place. 


which has the same texture and arrangement as that filling the contrac- 
tion bands in the spheroids and the interior of tests of foraminifera and 
radiolaria. The ordinary impurities of the chert are lacking, and the 
chalcedony-filled areas stand out as clear spots in plane polarized light. 
This is illustrated in Plate 23, a photomicrograph of a brown laminated 
Monterey chert, showing abundant regular and irregular forms. 

These small forms are due to contraction, during dehydration, toward 
numerous dispersed centers irregularly distributed through the stiff gel. 
Like the spheroids, they are later than the diffusion laminations, as they 
may cut across this earlier banding. Some are more or less equidimen- 
sional, but most of them are elongated in one direction. Ordinarily, the 
long diameter is parallel to the bedding, but not uncommonly these two 
axes are at right angles. 
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Although many of these forms are irregular, owing to unequal shrink- 
age and conflicting centers of contraction, certain surprisingly regular 
examples occur in Monterey cherts from widely separated localities. 
Three regular forms commonly seen are illustrated in Figure 2. Natu- 
ral occurrences of these forms are shown in Plate 23, a photomicrograph 
of a laminated chert from Los Berros Creek, San Luis Obispo County. 

Probably the most common of the regular forms is one that, in cross- 
section, resembles a double-concave lens, and which is probably developed 
by contraction toward directly opposed centers (Fig. 2A). Another 
common form resembles a shallow S-curve and is due to contraction 
toward eccentrically opposed centers (Fig. 2B). Infrequently, minute 
spheroids with only one or two bands are found. All gradations occur 
between these small spheroids and the irregular curving form shown in 
Figure 2C. All these rather regular forms are small, ranging from 
less than 0.10 millimeter to about 0.25 millimeter in length. 

These small forms are a less regular and less spectacular manifesta- 
tion of the same internal contraction in a stiff gel that produced the 


spheroids. 


CONTRACTION DUE TO FINAL CRYSTALLIZATION 
OF OPALINE CHERTS 


The forms previously described are believed to have originated while 
the gel still contained considerable water, possibly several mols per mol 
of SiO,. In ordinary cherts and porcelanites the gel normally consoli- 
dated as opal and did not crystallize directly as chalcedony. (However, 
opal is not necessarily a transition stage between gel and crystalline form, 
as the gel may crystallize directly as chalcedony, and possibly even as 
quartz. ) 

When the opaline cherts, which normally contain from four to eight 
per cent of water, are subjected to heat and pressure, the opal passes into 
chalcedony, a cryptocrystalline aggregate, a change which involves a 
further slight contraction of volume. Where the metamorphism has been 
severe, all evidence of such contraction has been obliterated, but in cherts 
that have been folded under a light cover, such as those of the Monterey, 
evidence of this final contraction is still preserved. 

In the course of the examination of a large number of thin sections 
of Monterey cherts, it has been noted that in those in which the opal 
has been converted into chalcedony ‘there are, irregularly scattered 
through the rock, occasional areas, up to several millimeters in diameter, 
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in which chalcedony is in coarser fibers than normally, and that the 
sheaves and bundles of fibers have a marked tendency to point toward 
the interior of the irregular areas. In some of these areas the central 
parts are filled with cryptocrystalline chalcedony which is much finer 
grained than the oriented fibers. Apparently, the chalcedony in these 
areas has had a freer, less constricted growth than that in the ordinary 
cryptocrystalline base of the rock. These are interpreted as areas which 
tended to open slightly, owing to contraction within the rock on final 
loss of water, and in which the chalcedony was able to grow more freely 
and to orient itself in a more regular pattern than was possible in the 
general ground web of the chert. 


EVIDENCE FOR CONTRACTION 
DIRECT EVIDENCE 

Although the evidence obtained from a study of spheroids and other 
structures in the field and laboratory might be regarded as circumstantial 
rather than direct, it points in the same direction as the other lines of 
evidence and, when combined with the known behavior of silica gels, 
strongly supports the view that the spheroids are due to contraction. 

The evidence that these structures originated at the time of, or imme- 
diately after, the formation of cherts and porcelanites and were the 
result of spaces opened by internal forces acting within a dehydrating 
gel has been previously presented. This evidence will be briefly sum- 
marized before proceeding to the physical chemical evidence. 

1. The presence of fragments of spheroids in rapidly deposited, inter- 
bedded current-borne sands, as a result of channeling of the underlying 
chert, indicates that the spheroids originated during the formation of 
the chert layer and that the consolidation of the chert into a brittle 
mass took place rather quickly. Additional evidence for the original 
nature of the spheroids and for the rapid formation and consolidation 
of the chert is the wrapping of bedding lines, in tuffs and sandstones, 
about discrete spheroids. 

2. The chalcedony of the concentric bands crystallized in spaces al- 
ready opened (or which tended to open), as shown by the fact that all 
irregularities of one rock wall correspond to irregularities in the opposite 
wall, indicating a definite movement of one side with respect to the other. 

3. Open spaces, or spaces filled with a second generation of chalcedony, 
are present in the chalcedony bands. 
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4, The fact that all open spaces in cherts and porcelanites, such as 
the tests of foraminifera and radiolaria, are filled with chalcedony 
identical in texture with that of the bands, indicates that the gel crys- 
tallized directly as chalcedony when free to do so. 

5. The form and mode of occurrence of the spheroids and the minute 
chalcedony-filled areas indicate that they were the result of internal 
forces operating within the bed containing them. The form of the 
spheroids appears to be related to the thickness and the rigidity of the 
bed, for in thick, massive cherts and porcelanites they closely approach 
a true spherical form, owing to the greater support afforded by a more 
rigid bed against external forces. In thinner cherts, affording less 
lateral support, there is a response of form to external forces, chiefly the 
weight of the ocean water, resulting in strongly prolate spheroids. The 
essential form is controlled by internal forces, although it may be modified 
by external pressure. 

6. The formation of the bands started in the center and progressed 
outward, as shown by the small apophyses. As will be shown later, this 
is what would be expected in a contracting gel. 

%. The concentric rock bands do not differ in any respect from the 
chert or porcelanite in which the spheroids occur. 

8. The concentric bands are more numerous, the purer the chert. 
Greater contraction would take place in a pure rather than an impure 
chert, unless the impurities originally present were colloids with proper- 
ties similar to those of a silica gel. 

9. The spheroids are not objects of rare occurrence, but are abundant 
in such widespread cherts as those of the Monterey and the Franciscan, 
and occur in other important chert horizons, both lacustrine and marine. 
Apparently, they are a common result of the passing of a silica gel into 
the form we know as chert. 


PHYSICAL CHEMICAL EVIDENCE 

Although the investigations of physical chemists regarding silicic acid 
sol and gel have been conducted with reference to its behavior under lab- 
oratory conditions rather than under the conditions found in nature, 
many of their results may be extended to such occurrences. The funda- 
mental researches of Graham, Van Bemmelen, Zsigmondy, and others 
have yielded a vast amount of information regarding the nature of silica 
gel and its behavior under various conditions. Of especial interest here 
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are the results obtained by Van Bemmelen ?* on the dehydration of the 
gel and the interpretation of these results by Zsigmondy and others. 

When a silicic acid sol coagulates it forms a gel which may contain 
as much as 300 mols of water to 1 mol of SiO,. Such a dilute gel, when 
separated, will flow together again. During syneresis, much of this 
water is readily lost, and the gel gradually becomes stiffer until at 
about 40 mols of water to 1 mol of silica, it is so consistent that it may 
be cut. If the gel is gradually dehydrated over sulphuric acid, it steadily 
loses water and decreases in volume. The vapor pressure is practically 
that of pure water, down to a water content of 6 mols per mol of silica,”* 
at which point the gel is hard and apparently dry. Further dehydration 
causes a drop in the vapor pressure curve and, finally, a marked change 
in the appearance of the gel. There is a steady and continuous decrease 
in volume down to a water content of 1.5 to 3 mols (31 to 47.3 per cent), 
depending on the rapidity of dehydration and the age of the gel, but 
beyond this point there is, ordinarily, no further decrease in volume. The 
gel becomes turbid and remains so until the water content is somewhere 
between .5 and 1 mol per mol of silica (13 to 23 per cent H,O), when 
it again becomes transparent. The point at which the gel becomes turbid, 
and beyond which there is no further decrease in volume, was called the 
transition point by Van Bemmelen. Volume and density changes taking 
place in a fresh hydrogel are shown in the accompanying table.*’ 

There is a steady decrease in volume and increase in density until 
the transition point is reached, beyond which the volume remains con- 
stant, and the density increases. Neither this point nor the point at 
which the turbidity disappears and the gel again becomes clear corre- 
sponds to definite hydrates. The beginning of the transition varies 
from 1.5 to 3 mols (31 to 47.3 per cent) of water per mol of silica 
and is a function of the age of the gel, the method of preparation, and 
the rapidity of dehydration. There is nothing to support the old idea 
of definite hydrates of silicic acid, an idea first discarded by Van Bem- 
melen 7* and subsequently by practically all physical chemists who have 
worked with silica gels.” The writer has carried on experiments with 


J. M. van Bemmelen: Die Absorption, Dresden (1910) pp. 196-370. Practically 
all of Van Bemmelen’s investigations are conveniently gathered together in this publi- 
cation ; references are given to all his earlier papers. 

2% W. D. Bancroft: Applied colloidal chemistry, 1st ed. (1921) p. 247. 

27J. M. van Bemmelen: Ndhere Betrachtungen iiber die von G. Tschermak angenom- 
menen Kieselsiuren, Zeit. anorg. Chem., vol. 59 (1908) pp. 225-247. 

%8 Thid. 

*®H. B. Weiser: The hydrous owides, 1st ed. (1926) pp. 177-179. W. D. Bancroft: 
op. cit., p. 250. 
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natural opals and cherts, and the results have been directly opposed to 
the conception of definite hydrates. 

The transition point was explained by Zsigmondy * as being due to 
the loss of all but capillary water and to the fact that further dehydration 
causes the evacuation of some of the capillaries and the appearance of 
gas-filled spaces in the silicic acid skeleton. The water may be almost 
completely replaced by air without any essential modification of the 
structure, provided actual fusion or sintering does not occur. This 
fundamental conception is involved in the ideas of Fells and Firth ** 


TABLE 1.—Volume and Density Changes in a Fresh Hydrogel 


WATER CONTENT, MOLS MEASURED Sp. ar., Sp. ar., 
per mot VOLUME. CC MEASURED COMPUTED 

122 29.0 1 1.015 

75.7 18.2 1.02 1.023 

45.2 11.0 1.04 1.039 

23.2 4.9 1.08 1.088 

11.3 3.0 1.14 1.142 

2.8 1.05 1.40 1.415 

2.2 0.86 1.51 1.490 

ay 0.75 1.58 1.560 


Transition takes place 


7.0 0.73 1.40 1.72 
0.39 0.73 1.216 1.93 
0.30 0.73 1.172 2.00 


regarding “fixed” and “free” water. Fixed water is defined as a varying 
amount of the total water in the gel, which is definitely associated with 
the silica; free water is the remainder of the total water not acting as 
fixed water. It is free in the sense that it is enclosed only in the meshes 
of the gel, between hydrated particles. This is the water lost by syne- 
resis. The free water can be more readily removed than the fixed water. 
Fells and Firth state that the aging process consists of a change of the 
fixed to free water. However, as shown by both Van Bemmelen and 
Zsigmondy, the aging process is due to an actual growth of the larger 
colloidal particles (ultramicrons) at the expense of the smaller, a process 
somewhat similar to crystallization.*? 


9 R. Zsigmondy : The chemistry of the colloids, Spear translation (1917) pp. 141-149. 


31H. A. Fells and J. B. Firth: The function of water present in silicic acid gel, 
Jour. Phys. Chem., vol. 31 (1927) pp. 1230-1236. 
2R. Zsigmondy: op. cit., p. 149. 


XVI—BouLu. Grou. Soc. Am., Vou. 45, 1934 
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In the dehydration of a gel, it will lose water and decrease in volume 
until all the free water has been lost. At this point—the transition 
point—all the water remaining is in the capillaries, the structure of 
the gel is fixed, and further dehydration will not result in a decrease in 
volume. Any water that is lost beyond this point will be replaced by 
air (or any gas). This is the explanation of the difference between the 
actually measured and the computed densities beyond the transition 
point in the third and the fourth columns of Table I. 

Van Bemmelen’s classic experiments were, of course, conducted under 
laboratory conditions on fresh and aged gels (aged up to five years in 
the laboratory). For fresh gels the transition point usually occurred at 
about 1.6 mols of water per mol of silica, whereas for old gels it might 
be as high as 2.8 mols of water. These experiments would indicate that 
any contraction occurring in the gel must take place while the gel con- 
tains at least 1.5 mols of water per mol of silica. The contraction phe- 
nomena observed might well have taken place while there was still this 
much water (31 per cent) left in the gel. However, as the result of 
experiments with a number of natural opals and cherts, the writer doubts 
if the transition always takes place, under the conditions obtaining in 
nature, while the water content is as high as 1.5 mols of water per mol 
of silica.** It is possible that under natural conditions a gel may lose 
water so slowly and so gradually that it will not establish its final struc- 
ture (pass through the transition point) until it has lost almost all its 
water. In fact, it might proceed slowly to crystallization without passing 
through the transition point. There is little to indicate the water content 
of the gel at the time of formation of the contraction spheroids, but it 
is possible that it was greater than one mol. 

The cherts and porcelanites in which the various contraction features 
occur were formed in comparatively shallow water,** probably rarely over 
500 or 600 feet in depth and often even shallower. Those in the Pliocene 
lacustrine cherts of Nevada were probably formed in very shallow water. 
The effect of the pressure of the column of water above is not known, 
but it might have hastened dehydration. However, that the pressure 
due to the water column was not very effective in squeezing out the water 
is shown by the experiments of Lenher ** who found that 12.5 per cent 


% The results of these experiments will be given in a future paper on the properties 
of opal. The experiments indicate that some natural opals have not passed through 
the transition point, although the water content is as low as 4 per cent (.15 mol 
to 1 mol SiO2). 

%N. L. Taliaferro: The relation of volcanism to diato and 
sediments, Univ. California Publ., Bull. Dept. Geol., vol. 23 (1933) p. 12. 

% Victor Lenher: Silicic acid, Jour. Am. Chem. Soc., vol. 43 (1921) pp. 391-396. 
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of water remained after a gel, originally containing 90 per cent water, 
was subjected to a pressure of 272,700 kilograms per square inch. A 
pressure of 230 kilograms removed only a small percentage of the water 
originally present. Since the pressure at the bottom of a column of sea 
water 500 feet high is only 237 pounds per square inch, the effect of 
the depth of water is believed to have been negligible. 

The enormous contraction of silica gel is a well-known phenomenon 
and has been investigated by a number of workers. Holmes, Kaufman, 
and Nicholas ** showed that silica gels are in a state of tension when 
formed in glass vessels and that this tension has a marked effect on the 
pitch of the tone they emit when tapped. They state that: 


“Gels formed in vaselined tubes contracted freely to a much smaller volume 
and not by mere evaporation, as the tubes were corked. A paper-thin glass 
bulb was filled with the gel mixture and on setting contracted so powerfully 
that the glass caved in. In this experiment the glass was not vaselined so 
that the gel adhered strongly to it.” 


Davies ** noted that a gel-filled tube, which had been used to stir a gel, 
and then laid aside, developed rhythmic splitting throughout the length 
of the tube. He carried out over 2000 experiments with gels in open 
tubes of various diameters and lengths and at different temperatures. 
The tubes were allowed to stand at various angles from horizontal to 
vertical. Regarding the appearance of the rhythmic splits he states: 


“In general shape a rhythmic split resembles a sine curve, but the waves 
are about 1.5 times as long as those of a true sine curve. In the large tubes, 
especially those with diameters of more than about 7 cm., splitting is rapid 
and the split is filled with water solution resulting from syneresis. . . . 
Drying then continues until the wave segments are entirely separated from 
each other. . . . When first formed, especially in the larger tubes, the 
cross section of a split seems to be nearly if not entirely flat, before drying 
removes some of the water. During drying the curvature of the cross section 
steadily increases in such a way that it is convex toward the wall it is leaving 
and concave toward the wall it is approaching. . . . Silicic acid gel will 
split rhythmically whenever setting and syneresis is accompanied by sufficient 
contraction to cause any splitting, and providing the initial splitting occurs 
along some line not coinciding with the inside circumference of the tube or 
one of its diameters. Rhythmic splitting is general whenever the gel is allowed 
to set in other than the vertical position.” 


36H. N. Holmes, W. E. Kaufman, and H. O. Nicholas: The vibration and syneresis 
of silicic acid gels, Jour. Am. Chem. Soc., vol. 41 (1919) pp. 1829-1336. 

37. C. H. Davies: Rhythmic splitting of silicic acid gels, Jour. Phys. Chem., vol. 35 
(1981) pp. 3618-3630. 
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The rhythmic splitting described by Davies is clearly due to contrac- 
tion. Although this took place in tubes in the laboratory, the same 
internal forces, under the conditions obtaining in chert beds, might well 
produce the spheroids found in the cherts. 

As far as the writer is aware, no forms similar to the spheroids have 
been produced in a silica gel in the laboratory. Bradford ** mentions 
the formation of spheroids with a concentric structure in a gel (agar 
gel with manganese sulphate) and regards them as due to diffusion. He 
suggests that the concentric spheroids in the Magnesian limestone of 
England were formed in a similar manner. The only spheroids noted 
by the writer that show any sign of concentric diffusion (or colloidal 
segregation) parallel to the contraction bands are those from the Huer- 
huero district, previously described. Evidence has been presented that 
the origin of these was somewhat different from that of most of the 
spheroids. Even in these, contraction appears to be the cause of the 
dominant banding. 

In a contracting gel, where the loss of water is through the capillaries, 
the water which is lost from the outer surface of the capillaries is at 
once replaced from the inside of the gel, leaving a vapor space in the 
center of the gel.®® Regarding this first loss of water in the central part 
of a mass of gel, Zsigmondy *° states: 

“Biitschli (Untersuchungen tiber die Mikrostruktur ktinstlicher und natiir- 
licher Kieselsiiureg allerten, Heidelberg, 1910) has observed, and it has been 
corroborated by work with the ultramicroscope, that the dehydration does 
not go on from the outside toward the interior, but that holes are formed 
in the interior free of liquid.” 


It naturally follows, therefore, that contraction actually starts in the 
central part of a mass of gel and progresses outward toward the periphery. 
Evidence has been presented previously that the inner bands were formed 
before the outer, indicating that contraction started in the interior. An 
examination of the center of a number of spheroids shows that in some 
of them the exact center has almost wholly crystallized to chalcedony, 
indicating complete withdrawal of water from this part and sufficient 
contraction to allow the free growth of chalcedony. 

There is no physical chemical evidence opposed to the idea that both 
the spheroids and the small forms, regular and irregular, are due to 


%S. C. Bradford: The Liesegang phenomenon and concretionary structures in rocks, 
Nature, vol. 97 (1916) p. 80. 

W. D. Bancroft: op. cit., p. 247. 

“R. Zsigmondy: op. cit., p. 146. 
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contraction in a dehydrating gel. Both the observed facts and the theo- 
retical considerations point toward contraction. 

The physical chemical evidence favoring contraction may be summar- 
ized briefly, as follows: 

1. There is ample proof that contraction takes place on dehydration 
and that silica gels are in a state of tension. 

2. Under certain conditions this contraction is known to result in 
rhythmic splits, which in cross-section are convex toward the walls they 
are leaving. 

3. Loss of water and contraction start in the center and progress 
outward. 


MODE OF FORMATION OF THE SPHEROIDS 


The process of formation of the contraction phenomena, especially the 
spheroids, is far from simple, and the explanation lies more in the domain 
of physical and colloidal chemistry than in that of geology. However, 
an attempt will be made to outline the method by which these forms 
developed. 

The source and mode of introduction of the silica and the rhythmic 
banding of the cherts have been discussed by both Davis‘! and the 
writer.*? Both the rhythmic banding of cherts and shales and the lami- 
nation of individual chert layers must have taken place at an early 
stage, while the gel was still slightly plastic. However, the gel must have 
dehydrated rapidly, for it was sufficiently brittle to fracture before the 
next layer was formed, as shown by the fact that thin chert layers, broken 
by some slight movement of the sea floor, are occasionally found incor- 
porated in the next succeeding layer. All sharp irregularities of one 
broken edge would fit into a corresponding edge of the broken layer. 
Further evidence of the rapid hardening of the chert layers is the fact 
that sharp-edged fragments are found in interbedded, curren*-borne 
sands, as previously described. 

There is abundant evidence that the cherts formed as rapidly as the 
normal detrital sediments with which they are associated. All the evi- 
dence indicates that the cherts formed rapidly and hardened quickly. 

Although the contraction bands formed at the time of the consolida- 
tion of the cherts, they are later than the parallel laminations of the 
individual layers and the rhythmic banding of cherts and shales. The 
spheroids occur only in rather pure cherts in which the parallel lamina- 


“ F. F. Davis: The radiolarian cherts of the Franciscan group, Univ. California Publ., 


Bull. Dept. Geol., vol. 11 (1918). 
@N,. L. Taliaferro: op. cit., pp. 44-53. 
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tions are rather faint. Strongly laminated cherts, in which the lamina- 
tions are due to an abundance of mineral or volcanic glass fragments in 
certain layers, develop only irregular and imperfectly formed spheroids, 
although the pure layers may show an abundance of microscopic con- 
traction phenomena formed by shrinkage toward dispersed centers. Lam- 
ination due to a slight variation in organic content has no effect on the 
formation of the spheroids. 

In general, the spheroids formed only in pure cherts, except where 
the impurities were organic matter (apparently, actually liquid and gas- 
eous organic matter) and calcium carbonate. As previously stated, per- 
fect spheroids may occur in calcareous opaline porcelanites containing 
as much as 40 or 45 per cent calcium carbonate in the form of minute 
spherules and rhombs. It is possible that the calcium carbonate was 
originally in the colloidal state and behaved very much as did the silica 
gel. It is certain that calcium carbonate is the only inorganic impurity 
that can be present in considerable amounts without inhibiting the forma- 
tion of perfect spheroids. 

The remarkably uniform contraction indicated by the spheroids could 
have taken place only by uniform shrinkage toward a definite center in 
a homogeneous medium, under undisturbed conditions. 

Contraction first started at the center, as there is evidence that the 
inner bands formed first. Occasionally, an apophysis from an inner 
chalcedony band may pass outward and act as a trunk, from which a few 
succeeding bands may branch. If loss of water and contraction were 
rapid, the process would continue at a uniform and rapid rate, probably 
with little actual time interval between the formation of the bands. As 
a space was opened, there would be a release from tension locally and 
rapid loss of water, resulting in the direct crystallization of the gel to 
chalcedony in the space provided by contraction. In some cases the first 
formed chalcedony did not completely fill the space, and open centers 
were left in the chalcedony bands. Sometimes these spaces are filled 
with a second generation of chalcedony. Any open spaces, such as the 
tests of foraminifera and radiolaria, contain chalcedony identical in 
texture with that in the bands. Apparently, the silica gel crystallized 
directly as chalcedony when free to do so. In the direct crystallization 
of the gel the impurities present were not incorporated in or between 
the chalcedony fibers but were forced aside toward the walls. In a 
number of cases a rim, slightly darker than the normal chert of the rock 
bands owing to the concentration of impurities excluded from the chal- 
cedony, may be seen under the microscope, bordering the chalcedony 
bands. This is illustrated in Plate 21A. 
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Rarely, the purer bands are of opal rather than chalcedony, but even 
these opal bands, if of any appreciable thickness, have a central zone 
of chalcedony. It is possible that if the spaces opened slowly, they would 
be filled or lined with an opal more dehydrated than the normal chert, 
which by colloidal segregation had been able to free itself of most of 
the impurities. Actual determination of the water content of some of 
the opal bands has shown it to be slightly lower than in the adjacent 
chert bands. 

The spheroids so commonly present in the purer chert beds, and those 
occurring as discrete individuals in tuffaceous sediments and diatomite, 
were formed during or immediately after the deposition of the beds in 
which they occur (with the possible exception of those in diatomite in 
the Huerhuero district). They are the result of contraction toward defi- 
nite centers in rather pure cherts formed from a dehydrating silica gel 
which was introduced rapidly into the environment of deposition (an 
ocean or lake floor) probably from springs of magmatic origin accom- 
panying or following contemporary volcanism.** 

The small microscopic forms, both regular and irregular, are a mani- 
festation of the same internal forces in the gel that formed the spheroids, 
but the contraction was toward numerous dispersed centers. They are 
a more universal, but less striking, feature of the cherts. 

All these contraction phenomena might be called syngenetic features 
developed in a primary gel; that is, one which was directly introduced 
into the environment of deposition and resulted in bedded cherts which 
were syngenetic with the associated sediments. However, such features 
as the spheroids do not necessarily indicate that the chert or flint in 
which they occur was syngenetic with the enclosing beds. These forms 
are a function of the syneresis and contraction of a silica gel, irrespective 
of its mode of origin or introduction. They might form with equal 
ease if any substance was replaced by a hydrogel of silicic acid. The 
presence of such forms in flints in limestones or chalk is not, necessarily, 
proof that the flint was formed at the time of the deposition of the lime- 
stone or chalk, as the same phenomena might result by replacement. 


AMOUNT OF CONTRACTION 


As shown by a number of measurements of typical spheroids, the 
chalcedony bands constitute from 20 to 40 per cent of the total, and 
average more than 32 per cent. If we consider any pair of bands, a rock 
band and the chalcedony band lying outside it, the percentage relations 


@N. L. Taliaferro: op. cit., pp. 44-53. 
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of chert and chalcedony are in striking agreement with the total percent- 
ages of that particular spheroid as a whole. For example, if the ratio 
between chert and chalcedony in a spheroid is two to one, then for each 
pair of bands, from the periphery to the center, the ratio is approximately 
the same. (There is a tendency for the chalcedony to form a somewhat 
higher proportion as the center is approached, but it is not a universal 
Tule.) 

If we assume that the space occupied by each pair of bands was origi- 
nally occupied by silica gel, we can obtain an approximate measure of the 
amount of contraction that took place in the gel as it dehydrated to 
form the chert band. This is not, however, a measure of the contraction 
of the spheroid as a whole. 

The present water content of the chert bands, and of the chert beds 
in general, is from 5 to 8 per cent (.18 to .30 mol of water per mol 
of silica). In an average spheroid, in which the ratio of chert to chal- 
cedony is two to one and the water content is .8 mol (assuming 
that no water has been lost by aging), we find by using the volume 
decrease given in Van Bemmelen’s table (Table 1, column 2) that the 
water content at the time contraction started was 1.2 mols. If water 
has been lost by aging, the original water content at the time of the 
beginning of the formation of the spheroids was higher than 1.2 mols. 
If .5 mol is used instead of .3 mol (assuming a loss of .2 mol by aging) 
the water content would have been 1.6 mols, and if 1 mol (15 per cent 
loss by aging) be used, the result is 2.4 mols. The corresponding 
figures for the water content at the time of the formation of the spheroids 
(for a spheroid having 25 per cent chalcedony) are .9, 1.2, and 2 mols. 
This indicates that the higher the water content of the gel at the time 
of formation of the spheroids, the more numerous would be the chalcedony 
bands. 

The total loss of volume for a spheroid as a whole would depend on 
the relative densities of the chert, when contraction ceased, and of 
chalcedony. The loss of volume in passing from opal having a specific 
gravity of 2.0, which would correspond to a water content of .3 mol 
(8 per cent), to chalcedony with a density of 2.55, would be 21 per cent. 
If we again consider the case of a spheroid in which the ratio of chert 
to chalcedony is two to one and in which the water content of the chert 
is .3 mols, we find that the total loss of volume of the spheroid as a whole 
would have been only 7 per cent. If the water content of the chert imme- 
diately after the formation of the spheroids has been one mol (indicating 
a loss of 15 per cent by aging), the density of the chert would have 
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been 1.72, and the total loss of volume of the average spheroid would 
have been 11 per cent. 

These figures are, at best, approximations, because of the assumptions 
made, but they give some idea of the probable water content of the silica 
gel at the time the spheroids began to form and the total contraction of 
volume of an average spheroid as a whole. 


CONTRACTION VERSUS DIFFUSION 


Although the alternate bands of chert and chalcedony in the spheroids 
resemble somewhat the effects produced by diffusion or the banding in 
agate, there is no evidence for, and much against, the belief that they 
are due to the same causes. Diffusion cannot account for the concentric 
banding, unless we imagine one variety of silica gel diffusing through 
another. Furthermore, diffusion could not account for the actual open 
spaces, or the spaces filled with a second generation of chalcedony, that 
are so frequently present. Nor could diffusion account for the irregu- 
larly distributed microscopic forms scattered through the cherts, or for 
the filling of open spaces, such as the interior of foraminifera, with chal- 
cedony similar to that in the bands. The outward form of the discrete 
spheroids in tuffaceous sediments commonly parallels the internal band- 
ing, when this is developed, and this form is a direct response to con- 
traction within the gel. It hardly seems possible that such a form could 
be due to diffusion. 

Liesegang ** ascribes the banding of flints and agates to diffusion, 
and it is undoubtedly true that most banded agates, and possibly many 
banded flints, are due to this agency. In the cases described, however, 
the banding is due to alternate layers of silica (either chalcedony or 
opal) and impurities, such as iron oxide or a similar substance. The 
banding described by Liesegang is not due to alternate layers of two 
forms of the same chemical substance. Two things which may differ 
widely in origin may be strikingly similar in appearance; not all banded 
flints are due to diffusion. 

The banding in agate has been ascribed to diffusion by Liesegang ** 
and others, but there are other possible explanations, such as that given 
by Jessop,*® who regards it as due to the concentration of impurities 
into bands by the advancing crystallization of the gel to chalcedony. 


“#R. E. Liesegang: Geologische Diffusionen, Dresden and Leipzig (1913). 

“R, E. Liesegang: Die Achute, Dresden and Leipzig (1914). 

“Philip Jessop: Agate, and the cherts of Derbyshire, Proc. Geol. Assoc., vol. 42 
(1981) pp. 29-43. 
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Although this is a plausible explanation, it does not appear to be applic- 
able to the banding here described. 

It is possible that the concentrically banded spheroids are due to 
a ryhthmic crystallization within the gel, brought about by some other 
cause than contraction. However, it is apparent that such a rhythmic 
crystallization is not due to diffusion, unless one kind of silica gel dif- 
fused through another, an unlikely supposition. The banding is not 
due to an external but to an internal rhythm. As rhythmic splitting 
has been shown in the laboratory *” to take place as a result of contrac- 
tion, there is no reason to believe that it cannot take place in nature. 

After studying the various possibilites, the writer considers that the 
available evidence, both geological and physio-chemical, opposes diffu- 
sion and strongly supports the conclusion that the forms here described 
are due, primarily, to contraction in a silica gel undergoing dehydration. 


ORGANIC MATTER IN THE CHERTS 


Organic matter neither inhibits nor facilitates contraction in the 
cherts, as both spheroids and small, irregularly distributed forms occur 
in cherts entirely free from organic matter and also in those which con- 
tain a considerable quantity. 

The organic matter appears to be present as a rather evenly distrib- 
uted liquid or gas, or both, which replaced a part of the water in the 
gel during the formation of the cherts. When organic matter is present, 
it colors the chert various shades of pale brown to dark chocolate-brown, 
depending on the amount. When pulverized and heated, the dark cherts 
give off a yellow-brown liquid hydrocarbon. When freshly broken, many 
of the dark cherts are decidedly fetid. In the field, seepages of a dark 
heavy oil are common in dark colored, fractured cherts. Some cherts 
show a faint color banding, which is due to a variation of the organic 
content in the laminations. 

The displacement of water in sols and gels of silica was first described 
by Graham,** who prepared organogels of silicic acid with such liquids 
as alcohol, benzene, glycerin, ether, sugar syrup, various oils, and carbon 
bisulphide. Regarding this displacement Graham states: 

“But all the liquid substances named, and many others, appear to possess 
an important relation to silicic acid, of a very different nature from the pec- 
tizing action of salts. They are capable of displacing the combined water of 


the silicic acid hydrate, whether that hydrate is in the liquid or gelatinous 
condition, and give new substitution-products.” 


“EB. C. H. Davies: op. cit. 
“Thomas Graham: On the properties of silicic acid and other analogous colloidal 
substances, Jour. Chem. Soc. London, vol. 17 (1864) pp. 318-327. 
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Practically all the conclusions reached by Graham have been confirmed 
by subsequent investigations, but there has been some disagreement as 
to the amount of water displaced by various liquids. Neuhausen and 
Patrick *° prepared hard organogels of silicic acid, but they concluded 
that anhydrous alcohol, acetone, and benzene would not replace all the 
water. Ultimate replacement of all the water by organic liquids may 
be extremely difficult, but hard alcogels having a water content of as 
little as 0.2 per cent have been prepared.®° 

Organic liquids can displace either a small or a large part of the 
water in the silicic acid sol or in the hard gel. In the Monterey cherts 
a small part of the water appears to have been displaced by organic 
liquids, probably during an early stage in the formation of the cherts. 
The presence of organic matter in recent sediments has been described 
in detail by Trask,** and there is no reason to doubt that many organic 
compounds were present in the Miocene sediments during the time of 
their formation. These organic compounds were derived from the soft 
parts of foraminifera, diatoms, and other organisms, which were so 
abundant in the Miocene sea. The organic compounds present displaced 
a part of the water in the gel from which the cherts were formed, and 
behaved in much the same manner as the water. An organogel of silicic 
acid synerizes and contracts in the same manner as an ordinary gel. 

The only notable effect produced by the organic matter is to color 
the cherts various shades of brown and to decrease slightly the specific 
gravity and increase the refractive index of the opal. The presence of 
the organic matter appears to have had no appreciable effect on contrac- 
tion. 

SUMMARY AND CONCLUSIONS 


Megascopic and microscopic structures, interpreted as being due to 
contraction in a dehydrating silica gel, are abundant in cherts and in 
opaline porcelanites. The larger and more striking of these are concen- 
trically banded spheroids, which originate by contraction toward definite 
centers. These occur within beds of chert, not as foreign bodies or bodies 
formed about a nucleus, but as structures developed within the chert 
layer; in diatomite, tuff, and sandstone they occur as discrete spheroids. 
Microscopic textures, resulting from contraction toward numerous scat- 


#B. S. Neuhausen and W. A. Patrick: Organogels of silicic acid, Jour. Am. Chem. 
Soc., vol. 43 (1921) pp. 1844-46. 
5B. 8. Rao and K. J. G. Doss: The alcogel of silicic acid, Jour. Phys. Chem., vol. 35 


(1931) pp. 3486-88. 
8 P, D. Trask: Origin and environment of source sediments of petroleum (1932). 
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tered centers, are a more universal but less noticeable feature of opaline 
cherts than the spheroids. 

The spheroids are made up of alternate concentric bands of chalcedony 
and normal chert, and the microscopic forms are chalcedony-filled areas 
in a ground web of opaline chert. The interior of any open spaces, such 
as the tests of foraminifera, are also filled with chalcedony. Apparently, 
the silica gel crystallized directly as chalcedony, when free to do so, in 
spaces opened by contraction or in open spaces of an accidental nature. 

Concentrically banded structures such as the spheroids have not been 
reproduced in the laboratory, but rhythmic splitting during dehydration 
of a silica gel in glass tubes has been observed. 

That the spheroids are the result of internal stresses in the dehydrating 
gel is indicated by the fact that the form (spherical or strongly oblate) 
is a function of the rigidity of the bed in which they occur and of its 
ability to resist external forces. 

Although such structures formed after the rhythmic bedding and lam- 
inations of the chert, they originated at the time of, or immediately 
after, the deposition of the opaline beds in which they occur. The pres- 
ence of angular chert fragments and fragments of spheroids in inter- 
bedded current-borne sands indicates that the gel from which the chert 
was formed dehydrated and hardened rapidly, or at least before the 
deposition of the next succeeding bed. 

Although most of the cherts in which these phenomena occur are 
regarded as primary (that is, deposited directly on sea or lake bottoms 
in much the same general form as we see them today), such structures 
are not, necessarily, proof of the primary deposition of the silica, as they 
might form quite as readily by the replacement of a rock by colloidal 
silica. They are the result of the dehydration and contraction of a 
silica gel in its passage into the form we know as opal or chert. 

The fact that in nodular chert horizons the spheroids equal or even 
exceed the tuffaceous and detrital sediments in which they occur indicates 
that the silica was added to the water rapidly, or at least at a rate equal 
to the influx of fragmental material. 

Structures and textures in cherts due to contraction are not of rare 
occurrence but are common features of many cherts, being especially 
abundant in the Miocene of California. They occur in lacustrine as well 
as in marine cherts and are even preserved in many thoroughly crys- 
tallized cherts, such as the novaculites and the radiolarian cherts of the 
Franciscan type. 
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INTRODUCTION 


Lake Cayuga is the lineal descendant of a long line of ancestral waters, 
both glacial and land-locked. The lacustrine history of the Cayuga 
Valley exceeds in variety and interest that of all the other Finger Lakes 
valleys, especially for the reason of low altitude, the valley being nearest 
to sea level. 

Previous to the Glacial Period no standing water was held in Cayuga 
Valley, and perhaps not in any valley in eastern America. The valley 
was carved in preglacial time by a north-flowing river tributary to the 
master stream, the Ontarian River, in the axis of the Ontario basin 
(Fig. 1). The constructive, depositional work of the overriding con- 
tinental ice sheet left a massive filling of drift in the several valleys, 
which, as a wide plain, constitutes the barrier at the north ends of the 
existing lakes in central New York. 

The lacustrine history here related began with the final removal of 
the Quebec glacier from the highland on the south, at the head of the 
Cayuga drainage system. Ice-dammed waters were certainly held in the 
valley during any ice-sheet invasion of the territory. Those lakes of 
ice-edvance were lifted from lower to higher levels, the reverse of the 
lakes of ice recession, to be here described. As the inscriptions by the 
proglacial waters of the ice-sheet invasion have been obliterated by 
subsequent burial beneath the glacier, they must be neglected. 

This writing will not trespass on the debatable ground of multiple 
glaciation of New York, with interglacial epochs, land-stream erosion, 
and other implied effects of deglaciation. As noted above, any records 
of interglacial waters would be destroyed, except some evidence of their 
existence in water-laid deposits. 

The first recognition of glacial waters in the valleys of central New 
York was in the year 1894, and their earliest description is in Papers 
1—4 of the appended list of writings (p. 279). At that time the topo- 
graphic maps had not been published, and the determination of alti- 
tudes—a critical element in the study—was chiefly by aneroid and pocket 
level measurements, from railroad and canal elevations. The results, 
however, were closely confirmed by the topographic surveys. One error 
related to the White Church outlet of Lake Ithaca, which was made 
several feet too low. 

No claim of precision is made for the numerical values in this paper. 
Many elevations are exact, being from field measurements. The derived 
figures are partly based on the isobases of land uplift (Fig. 4) and 
although not absolute are certainly approximate. However, precision in 
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data relating to glacial waters is not imperative. The important and 
interesting point is the succession of water bodies, their approximate 
elevations, and their relations in position, altitude, and space; in other 
words, the changes and vicissitudes in lacustrine physiographic history. 
The story is a drama, with Cayuga Lake as the hero, or heroine, making 
three appearances. 

The history of the local glacial waters in the Ithaca district, with 
brief mention of their records, is intended to be little more than an 
outline. The interesting details in the lake succession and the recogni- 
tion of the varied features and phenomena about the head of the Cayuga 
Valley require, for their proper elucidation, detailed and careful field 
study. And this writing, it is hoped, may add some interest and zest 
in that geologic inquest. 

The scanty literature relating to the glacial lake history of the Cayuga 
Valley is noted in the appended list. Paper 7 is largely in review of 
Paper 1. The Lake Newberry outlet is described in Papers 8, 9, and 10. 
Tarr? gave a brief description of the early lakes, West Danby and 
Ithaca. 


PHYSIOGRAPHY 


Cayuga Valley is the central, or axial, depression of central New York 
and the lowest and most capacious of the “Finger Lakes” valleys (Fig. 
2). The origin of the valley, as of all the north-sloping, parallel valleys 
between Lake Erie on the west and the meridian of Utica on the east, 
goes back to Tertiary time, when the Ontarian River had captured the 
drainage of western and central New York (Fig. 1). 

In preglacial time the Cayugan as a system of drainage was inferior 
to the Senecan. The Seneca Valley was the main course of drainage 
across the State, carrying the great Susqueseneca River (Fig. 1). Today, 
as shown in Figure 3, with an unknown depth of glacial debris in the 
bottom of the valleys, the Seneca Valley is 183 feet deeper than the 
Cayuga. However, due to undiscovered factors in the behavior of the 
Ontarian ice body, the valley deposits, laid first by the ice sheet and 
then by the glacial drainage and the lakes, are heavier in the Seneca 
Valley, at and north of Geneva, holding the present Seneca Lake 63 
feet higher than Cayuga. 

The Cayuga Valley, with its two head tributaries, its lower elevation, 
and its physiographic relations, has a record of lacustrine history of the 


2R. S. Tarr: Glacial geology of south-central New York, U. S. Geol. Survey Watkins 
Glen-Catatonk Folio 169 (1909) p. 22. 
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Fieure 1.—Preglacial, late Tertiary drainage in New York 
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close of glaciation second in complexity and interest only to that of the 
Genesee (Paper 12). To tell that story is the present purpose. 

The elevation of Cayuga Lake is given as 381 feet above sea level. The 
length is 38 miles; the greatest depth 435 feet, which is 54 feet below sea 
level. Its maximum width is two and one-half miles, and the average 
width for the central twenty miles of length is two miles. 

Like all the valleys of the Finger Lakes the lower portion of the 
Cayuga Valley walls are relatively steep (Genoa sheet), probably due 
to rapid down-cutting of the Cayuga River in late Tertiary time, with 
excessive uplift of northeastern America. 

At the elevation of 1,000 feet the width of the valley near Ithaca is 
four miles. At Trumansburg that width is 5.5 miles; at Farmer, seven 
miles; whereas, at Aurora the 1,000 feet level extends westward and 
across the Seneca Valley with a width of about 23 miles. These figures 
give an idea of the width of the Cayuga embayments of the glacial lakes 
Ithaca, Newberry, Hall, and Warren, 

The Cayuga drainage area, as discussed in this paper, includes all or 
parts of the topographic sheets Geneva, Auburn, Ovid, Genoa, Moravia, 

Cortland, Ithaca, Dryden, and Harford. 

Cayuga Valley opens northward to the extensive Montezuma marshes 
and the low plain stretching west and east, with elevation about 400 feet. 
The expanse of Montezuma Marsh, lying between tracts of well-devel- 
oped drumlins (Clyde, Weedsport, Geneva, Auburn sheets) is a large 
example of the singular drumlin-free areas found within the general 
drumlin field. It is thought that during the phases of drumlin con- 
struction these areas were yet unfilled, or too low, for the special com- 
bination of mechanical conditions requisite for the creation of drumlins. 

The plains east and west lie in the low belt of erosion on the outcrop 
of the weak Salina shales. All of the plains are product of filling and 
leveling by the glacial waters, especially Iroquois, with a covering of 
aquatic plant deposit. 

As Seneca Lake overflows into Cayuga the outlet of Cayuga is, 
improperly, called Seneca River. The Seneca-Cayuga outflow wanders 
aimlessly far to the east, almost reaching Onondaga Lake, thence north- 
westward and into Lake Ontario as the Oswego River. The winding 
course is over 75 miles, yet Cayuga Lake is only 25 miles from Lake 
Ontario. During the 53 miles to Phoenix the fall of the stream is only 
14 feet. 

OUTLINE HISTORY 

During its waning stage, the continental ice sheet, the Quebec (Lab- 

radorian) glacier, is supposed to have pushed lobes up the open valleys, 


XVII—BvuLL. Grou. Soc. AM., Vou. 45, 1934 
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or where faced by only shallow waters (Paper 25). We may assume 
some lobation of the ice margin in the Cayuga inlet valley and in the 
Sixmile Valley. In such a case, the earliest ice-impounded water in 
the Cayuga drainage area was held in the inlet valley, with outflow at 
Spencer Summit station, 12 miles south of Ithaca (Ithaca sheet). This 
water has been called West Danby Lake.? 

Somewhat later than the initiation of West Danby Lake, glacial water 
was held in the valley southeast of Ithaca, with outflow at White Church 
Crossing, eight miles southeast. This water was the beginning of Lake 
Ithaca. 

As the ice over the Ithaca district diminished in area, several local, 
or primitive, lakes were held in the lateral valleys tributary to Cayuga 
Valley. 

When the main ice front, in its northward recession on the intervalley 
ridge between the Cayuga and the Seneca valleys, reached the vicinity 
of Ovid village (Ovid sheet) it uncovered ground which, at that time, 
was lower in elevation than the White Church outlet of Lake Ithaca, 
Consequently, the Ithaca glacial lake became tributary to the glacial 
water, Lake Watkins, in the Seneca Valley; and with a little further 
ice-front recession on the north-facing slope at Ovid, the Cayuga water 
became confluent, at a lower level, with the Seneca water. That expanded 
water has long been called Lake Newberry (Papers 1, 3, and 4). 

Eventually, with sufficient waning of the Ontarian ice body and north- 
ward recession of its southern margin, the Newberry water is believed 
to have blended with that held in the Genesee Valley, and the westward 
escape, at Batavia, to Mississippian drainage dropped to about 900 feet 
elevation (Papers 5 and 6). This phase of the New York glacial waters, 
with the westward escape, is known as Lake Hall. 

Pari-passu with the ice-front recession in western New York, the 
margin of the glacier in central New York, pressing against high ground 
in the Syracuse-Oneida district, gradually weakened and finally per- 
mitted eastward escape of the water to the Mohawk Valley and the 
Hudson estuary. The slowly falling water level was called Lake Vanuxem 
(Paper 5), and is here named Falling Vanuxem. The drop in the lake 
level was from 900 feet at Batavia and on the Onondaga scarp, six miles 
southwest of Syracuse, down to near sea level (Paper 6). This eastward 
flow carried the out-drainage of the Erie-Huron basin and the first 
Lake Warren. 


2H. L. Fairchild: Glacial lakes of western New York, Bull. Geol. Soc. Amer., vol. 6 
(1895) pp. 353-374; Sci., vol. 1 (1895) p. 6; Amer. Geol., vol. 15 (1895) p. 202. 
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Figure 2.—Lakes of central New York 
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Subglacial and morainal drift filling in the ancient valley which con- 
stitutes the barrier on the north of Cayuga Lake was then at nearly 
full height, and during the low-drainage and deglaciation epoch Cayuga 
Valley held its first land-locked water, which we may call Lake Cayuga I. 

It is supposed that the ice sheet was subsequently entirely withdrawn 
from the Ontario basin, forming an “interglacial” epoch, or at least an 
intraglacial stage in the Wisconsin glacial epoch. 

After indeterminate duration—perhaps many centuries—the deglacia- 
tion stage was closed by the re-advance of the Quebec ice sheet. The 
ice front again blocked the land-stream eastward drainage to the Mohawk 
Valley, and initiated a new series of glacial waters, with rising levels. 
These rising waters with eastward escape have been named Second, or 
Rising, Vanuxem.* The inscriptions, as shore features and outlet chan- 
nels, of the rising waters are obscured or confused with those of both the 
preceding and the subsequent waters. 


Ficure 3.—Sectional profile of the Finger Lakes valleys 


The Rising Vanuxem waters were lifted in level until they invaded 
the Erie-Huron basin and found westward escape across Michigan, when 
the water became Second Lake Warren. Unlike the First Lake Warren 
the Second Warren lay over the Genesee Valley and central New York. 

Cayuga Valley was flooded by the Rising Vanuxem and the Second 
Warren, but the only shore record that can be discriminated is the 
culmination as Lake Warren. 

With the second, and final, recession of the ice front a second series 
of glacial waters, with eastward escape and falling levels, existed in 
western and central New York. The only recognized pause in the sub- 
siding waters is the considerable stand-still with the outlet south of 
Marcellus village. This water level, Lake Dana, has left abundant 
record at about 700 feet elevation. 


*H. L. Fairchild: Glacial waters in the Finger Lakes region of New York, Bull. Geol. 
Soc. Amer., vol. 10 (1899) pp. 27-68. 
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When Lake Dana fell away and the control of the ice-dammed water 
was established at the Rome-Little Falls divide, initiating Lake Iroquois, 
the Cayuga Valley water was again land-locked, or moraine-dammed, as 
Lake Cayuga II, for a brief period. 

With the rise of Lake Iroquois, due to land uplift and greater lift at 
Rome, central New York and Cayuga Valley were again flooded with 
ice water. 

With the extinction of Lake Iroquois and the present era of deglacia- 
tion, Cayuga water is again held in by land and marsh as Lake Cayuga 
III. The postglacial, tilting uplift of the land has raised the lake level 
from 290 feet, the Iroquois plane, to 381 feet. The succession of waters 
is told graphically in Figure 13, page 272. 

There is no attempt or desire to make the history complex. The 
twelve lacustrine stages here noted are attested by clearly recognized 
records, shore line and drainage features. It is possible that minor 
oscillations of the ice front produced changes in water level not now 
discriminated. Students of Cayugan geology will probably be satisfied 
with the present complexity, but explorers intent on discovery should 
not allow theory and imagination to outrun verifiable facts. 


DIAGNOSIS AND CRITERIA IN STUDY OF GLACIAL LAKES 


The mechanical operation of waves, shore currents, and streams must 
be similar for both glacial and non-glacial waters. One evidence, not 
uncommon, of glacial association is the occurrence of boulders and coarse 
materials in quiet-water deposits of sand and clay, due to rafting by 
floating ice. Heavy deposits of this nature are regarded as “berg drift.” 

The common proof of glacier-dammed water is the occurrence and 
association of shore phenomena and stream-erosion features at elevations 
and in positions where lake and stream are normally impossible. In 
glaciated territory such records can be predicated on the basis of the 
general topography, and can be pre-located on the topographic maps. 

Only a neophyte in glacial geology would confuse water-laid deposits 
built in immediate association with the ice sheet as kame, kame-terrace 
and outwash, for wave-built embankments or shore deposits. Erosional 
effects, such as wave-cut cliffs and stream channels, are unmistakable. 

The fundamental fact in the study of glacial waters is the criginal 
horizontality of the fluid surface. In glaciated territory the glacial 
lake planes have been uptilted northward (Fig, 4). Rate of tilt should 
be determined for different directions. 


| 
| 


242 H. L., FAIRCHILD—CAYUGA VALLEY LAKE HISTORY 


In glaciated areas of nearly horizontal strata, especially those of shale 
and sandstone, benching along hillsides, produced by unequal weathering, 
with perhaps some abrasion by the ice sheet, is liable to be mistaken for 
shore lines. 

Any definite water level implies an outlet, somewhere, at corresponding 
elevation. The point of escape can often be determined with practical 
certainty from topographic sheets, and in many cases the outflow chan- 
nel is indicated by the contouring. 


Scale of Miles 


PLEISTOCENE UPLIFT 
OF 
NEW YORK STATE 


Lines of equal uplift,(isobases) 
in feet. 


Thecircles are stations used 
in the tabulated data. 


Ficure 4.—Postglacial land uplift of New York 


In narrow valleys the small width of the water, with fluctuating and 
falling level, may prevent persistent and concentrated wave work at any 
plane sufficient to produce a clear record. Positive evidence of wave 
work is sometimes lacking along stretches of valley wall where it is 
certain that glacial water existed. Negative evidence is not final or 
conclusive. 

Useful and distinctive features in interpretation are the deltas built 
at lake levels by inpouring streams; especially the small, and even insig- 
nificant, deltas dropped by weak or even wet-weather runs. Ravines 
which cross the shore lines will usually carry remnants of delta deposits. 
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Figure 5.—Postglacial uplift and elevations 
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Large or widespread deltas indicate standing-water level in a general 
way. The head of a large delta, particularly if of coarse material, was 
probably a few feet higher than the prevailing lake level, and the foot, 
or front, of the delta, if of fine material, was probably beneath the water 
surface.‘ 

One difficult but important matter in glacial lake study is the loca- 
tion of the highest stand, or the summit plane, of the extinct waters. It 
is easy to see the conspicuous lower and inferior water levels. The 
summit records may be very weak and elusive. They may lie far back 
on the sloping valley walls, and far up the tributary valleys. Even 
experienced glacialists have failed to find the summit levels. 

When the highest level has been tentatively measured at some point, 
then duplication and confirmation is sought on adjacent ground or near-by 
surfaces of nearly the same level. Here, the aneroid and the hand level 
become indispensable, and the scientific or constructive imagination is 
used to restore in fancy, in the mind’s eye, the water plane, together 
with its implied area and boundaries. 

It must be understood that some negative evidence, the local absence 
of confirmatory features, is not conclusive. Shore phenomena are capri- 
cious and often missing through long distances. This is well illustrated 
on the walls of the Finger Lakes valleys. One positive determination 
of an unmistakable shore feature will outweigh miles of negative obser- 
vation. 

If study of glacial waters is carried to quite precise determination of 
the levels, then some elements or conditions must be borne in mind beside 
those noted above, which are not suggested by the maps and the present 
topography. 

(1) Postglacial rise of the land since the weight of the ice cap was 
lifted has given the land surface a northward uptilt, a rise of about 2.2 
feet per mile in direction twenty degrees east of north (Fig. 4), and 
slightly over two feet per mile north and south. In consequence of this 
differential uplift the glacial lake planes, originally horizontal, are now 
rising northward. This is an important element in tracing water planes 
in New York, either lake or sea, and in correlating shore features with 
lake outlets. The deformation may be critical within a distance of only 
a few miles. 

(2) Shore line features may be formed at different heights in a lake, 
when the water body had a falling surface due to down-cutting of its 
outlet. 


*The principles covering the construction of deltas are stated by H. L. Fairchild: 
Glacial waters in central New York, N. Y. State Mus. Bull. 127 (1909) pp. 40-44. 
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The lake outlets as they now appear are the final effect of the erosion 
and down-cutting by the down-draining stream, with possibly some recent 
changes. The amount of channel deepening depended on the volume and 
the velocity of the outlet stream, and also on the character of the eroded 
barrier, whether drift or rock. 

The eroded outlet channel must correlate with the latest, and lowest, 
level of the water body which it controlled, and hence with the lowest 
shore features. The original surface of the pass, or col, when the outflow 
began might have been considerably higher, and the earliest lake level 
with its shores and deltas would lie higher than the uptilted plane of 
the present deepened outlet. In other words, the vertical range between 
the highest and the lowest shore phenomena of a single water body sug- 
gests the amount of channel deepening. This range may be found in 
a single locality on the detrital terraces along some ravine that traverses 
the shore lines. The “splitting” of beaches may also be produced by 
land tilting during the existence of the lake, as was the case with Lake 
Iroquois (Papers 16 and 17). 

(3) Some small allowance may be made for the depth of water in the 
outlet stream. The lake surface was that of the stream surface over 
the wasteweir. The number of feet may be estimated for depth during 
the summer floods, which were also the seasons for the heavier delta 
building. Estimates for the stream depth will consider the dimension 
and the character of the outlet channel. 

(4) Lacustrine plains may be laid both above and below the lake sur- 
face, as noted above for delta surfaces. Coarse detritus in general repre- 
sents superior level, and wide areas of fine material, silt and clay, indicate 
submergence. 

(5) In the slow falling from one outlet to another and a much lower 
channel of escape the lake waters might be held at intermediate levels 
long enough to produce visible shore features. This appears more likely 
when the outflow was held against a steep slope or hillside. 

(6) Some of the above principles or factors relating to lakes and their 
outlets have application in the case of small, local, and short-lived lakes, 
such as the primitive lakes held in the heads of north-sloping valleys. 

The several valleys in the Ithaca district which hold streams tributary 
to Cayuga Lake afford excellent opportunity for application of the above 
criteria. The behavior of the atmospheric agencies in the interaction and 
combination of glacier, lake, and stream is here excellently illustrated. 
The gross topography, the hills and vallevs, exist quite as they were in 
preglacial time, having suffered slight abrasion, or “sandpapering.” 
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But the minor features, the microtopography, are mostly the effect of 
glaciation. Evident phenomena are the drift deposits, mostly in the 
valley bottoms; steep-walled stream channels or ravines, the product of 
new or altered drainage; delta terraces of sand and gravel along ravines 
and valleys at many elevations, the records of the standing waters; and 
the abandoned stream channels across divides and swamp cols, the product 
of the outflow of ice-impounded lakes. Translation of local valley history 
requires the correlation and synchronizing of the ice-front positions, 
which served as dams, with the outlets and stream-cutting by the escap- 
ing water. 
PRIMITIVE GLACIAL LAKES (STAGE 1) 
WEST DANBY LAKE 


All the territory involved in this history of the inlet valley is, with 
slight exception, found on the Ithaca topographic sheet. 

In preglacial time the Cayuga inlet valley had two branches (Fig. 1) 
of considerable extent. The western branch has been mostly cut off by 
moraine filling which constitutes a new divide at the head of Pony Hol- 
low, three miles southwest of Newfield. The eastern branch has also 
suffered dissection by massive drift deposition creating a divide at North 
Spencer. 

The moraine extending from North Spencer northward for eight miles 
probably represents only a minor part of the volume of the original 
filling. The greater mass was stagnant ice, more or less drift-anchored 
and drift-buried. Spencer Lake and the open or unfilled spaces in the 
moraine at, and north of, Spencer Summit station represent the sites 
of larger blocks of clear ice. The mass and depth of the primitive filling 
by ice and rock-rubbish is unknown, but it probably was sufficient to 
hold the early glacial water to high level for some time. This may ex- 
plain the shore features north of Enfield Falls, with elevation up to 1,240 
feet, described below, and the west-side channel north of Spencer Sum- 
mit, at 1,200 feet. 

The glacial water held in the inlet valley was briefly described and 
named West Danby Lake in 1895.5 It existed through the years that 
the blocking ice receded from Spencer Summit through the fourteen miles 
to Ithaca. 

The drainage channels in the moraine at Spencer Summit are record 
of the outflow of West Danby Lake, and are interesting in their com- 


5H. L. Fairchild: Glacial lakes of western New York, Bull. Geol. Soc. Amer., vol. 6 
(1895) pp. 353-374; Sci., vol. 1 (1895) p. 61; Amer. Geol., vol. 15 (1895) p. 202. 
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plexity. They lie in a triangular area with the apex at North Spencer 
and the base two miles north, on the country line. 

The highest channel on the east side lies on the Dryden quadrangle, 
in the valley of Michigan Creek, and evidently carried flow alongside 
the east edge of the ice lobe. The elevation at the head of the more 
definite glacial flow is about 1,080 feet. The channel declines south- 
ward and opens into a plain at 1,020 feet, a mile northeast of North 
Spencer, which is drained by the headwaters of Catatonk Creek. 

A high marginal channel occurs on the west side, three quarters of a 
mile north of Spencer Summit, with elevation about 1,200 feet. 

The plexus of later channel has its lowest member at 1,020 feet through 
the hamlet of North Spencer, but the outlet control of the lake is the 
channel, one mile north of Spencer Summit, with elevation about 1,050 
feet. Spencer Lake evidently occupies a kettle. The ice-block cavities 
in the moraine have been filled by action of lake and stream. 

The slow melting of the drift-loaded ice produced shifting in the 
courses of the drainage in the Spencer Summit moraine tract and the 
network of channels. The combination and mixture of ice work, stream 
action, and lake effect in this glacial triangular area offers excellent op- 
portunity for cooperation in refined topographic and geologic study. 

The topography on the west side of the inlet valley, with the deep 
tributary valleys of Fivemile, Butternut, and West Branch, implies a com- 
plex local history; the valleys hold variety and richness of lacustrine 
features. 

The headwaters of those tributary valleys, during some phase of the 
ice removal, contributed to the Cayuta Creek drainage. Eroded cols 
will be found at 1,600 feet, one and a half miles southwest of Trum- 
bull Corner, and at 1,200 feet, one and a half miles southeast. The 
divide at the head of Pony Hollow, three miles southwest of Newfield, 
with elevation 1,240 feet, was not cut by drainage, judging by the map 
contours. 

Well developed shore features—gravel bars—occur at elevation 1,230- 
1,240 feet, one and a half miles north by northeast of Enfield Falls 
corners. Corresponding levels elsewhere will probably be found. One 
explanation of these high-level beaches is to postulate an Enfield Falls 
local lake for some phase when ice lay on the lower slopes. The difficulty 
here is that the Pony Hollow pass is too high, and uncut, and the swamp 
col west of Key Hill and one and a half miles west of Newfield is too 
low. Another explanation, suggested above, is that the beaches repre- 
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sent the early phase of the West Danby Lake, with outflow by the side 
channel north of Spencer Summit, at elevation 1,200 feet. 

Numerous and highly interesting delta terraces occur along all the 
streams and ravines declining to Cayuga inlet. The elevations are from 
1,000 feet down to 500 feet. Those along Coy Glen are conspicuous from 
Ithaca. The gravel terraces were built in the slowly falling waters, 
first, of Lake Ithaca, and then the subsequent Lakes Newberry, Hall, and 
Vanuxem. 

The heavy delta development on these ravines is at least partly ex- 
plained by the topography and the fact that the upland was freshly ex- 
posed by the removal of the ice sheet, and that the loose surface mate- 
rials were not then effectively protected by vegetation. 

West Danby Lake lost its individuality by blending with Lake Ithaca, 
when the ice front had receded northward so as to lie against the north- 
facing slope of South Hill at Ithaca. The theoretic elevation of West 
Danby Lake surface at Ithaca is about 1,075 feet, and that of Lake Ithaca 
1,000 feet. In the drop to the Ithaca level the outflow river, held be- 
tween the glacier front and the hill slope, carved a distinct rock channel, 
described by Professor Tarr as follows: 

“The drop from the level of West Danby Lake to that of the White Church 
outlet is clearly recorded on South Hill, about two miles south of Ithaca. 
Here, on the west side of the hill nose, at an elevation of about 1,040 feet, 
there is a well-defined marginal channel, about 100 yards wide, with rock 
walls on both sides and a flat, swampy bottom. This leads northward for 
a quarter of a mile, vanishing at both ends; but toward the northeast it 
develops abruptly into a terrace, with a rock cliff 30 to 40 feet high and 
fully half a mile long, swinging eastward around the hill nose. . . . This 
is interpreted as a marginal channel which had one wall of ice. . . .”* 


BUTTERMILK VALLEY LAKE 


Buttermilk Valley Lake is the smallest and the least important of 
the glacial waters recognized in this history. The valley of Buttermilk 
Creek lies south of Ithaca and between the valleys of Cayuga Inlet and 
Sixmile Creek, and is mapped on the Dryden and the Ithaca sheets. 

The creek is only five miles in length, from its head, half a mile east 
of Danby Village, to the mouth at Buttermilk Falls. The lake was about 
three miles long, existing while the inlet valley ice lobe rested against 
the west side of South Hill at elevations over 1,200 feet. The impounded 
water was held up to outflow past Danby Village at elevation 1,220 feet, 


¢These deltas were briefly discussed by H. L. Fairchild: op. cit., and plotted in 
diagrams, figures 2 and 3. 
7R. S. Tarr: op. cit., p. 22. 
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to Danby Creek, and then by Willseyville and Catatonk creeks to the 
Susquehanna River at Owega. 


SLATERVILLE LAKE 


During a phase in the shrinkage of the ice body over the head of 
Cayuga Valley a lobe of the ice margin reposed in the valley southeast 
of Ithaca. This held an interesting lake in the middle stretch of the Six- 
mile Valley from Brookton to Slaterville Springs (Dryden sheet). The 
outflow was through the wide swamp col two miles east by south of 
Slaterville Springs, with elevation 1,270 feet, over to the West Branch 
of Owego Creek. 

Although its area was small, the lake absorbed and transferred a large 
volume of water contributed by the valleys on the north, in the town 
of Dryden. 

When the ice lobe weakened on its east margin, at Brookton and at 
Caroline Junction, a second outlet of the Slaterville Lake was opened 
half a mile south of Brookton. The outflow carved a channel in the 
rock, with elevation at the head of about 1,075 feet. The final escape 
was by the pass at White Church station, over to Willseyville and Cata- 
tonk creeks. 

The Brookton rockcut lies on the steep eastern hillside and correlates 
with the sandplains north and northeast of Brookton at elevation 1,060- 
1,070 feet ; and also those at Slaterville Springs at 1,080-1,100 feet. The 
vigorous flow responsible for the rock channel was chiefly supplied by 
the drainage of the upper stretch of Sixmile Valley and its several tribu- 
taries, with some contribution from the Cascadilla Lake, described below. 

The lower plains and terraces about Brookton and Bessemer were 
by later deposition in Lake Ithaca. 


CASCADILLA LAKE 


Contemporaneous with the second stage of the Slaterville Lake, or 
not much later, a small body of water was held in the Cascadilla Valley 
while the ice lobation over Ithaca was pressing against Turkey Hill. The 
outflow pass is shown on the Dryden sheet, one mile south of Ellis corners, 
with elevation 1,080 feet. 

The position and altitude relations of the hills and valleys suggest 
that during the later phase of the Cascadilla Lake, as the ice front weak- 
ened on the east face of Turkey Hill, it received outflow from the Fall 
Creek valley and the Freeville-Dryden Lake. 
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FREEVILLE-DRYDEN LAKE 


While the ice front was pressing against Turkey Hill, four miles 
east of Ithaca, an extended glacial lake was held in the valleys of Fall 
and Virgil creeks (Dryden, Moravia, Harford sheets). The outflow of 
these valley waters was by the capacious pass one and a half miles 
northwest of Harford Village, with elevation 1,207 feet. The overflow 
was to the east branch of Owego Creek. 

A second, and final, escape of the Freeville water swept the west 
face of Turkey Hill at elevations from about 1,195 down to about 1,085 
feet, with escape into Cascadilla Lake. Subsequently the valley water 
was lowered into confluence with Lake Ithaca. 

The Freeville-Dryden Lake received drainage from large territory on 
the north and east, and the detrital deposits laid by the tributaries should 
be recognized. 

During the earlier life of this lake, at the higher level, it must have 
flooded the Owasco inlet valley, reaching around westward into the 
branches of Salmon Creek, thus flooding the sites of Groton, Locke, 
Genoa, and perhaps Moravia villages. It was a straggling body of water 
in a remarkable connection of valleys. During a later stage of the ice- 
sheet removal, while the ice front was blocking the Owasco Valley from 
the north, the glacial Owasco Valley waters were poured into Fall Creek 
valley at Freeville. 

The plains and terraces in the Fall Creek valley, with elevation 1,200 
feet and over, must be records of the earlier, and higher, waters. Such 
deposits should be found on the valley slopes and on the moraine at Mc- 
Lean and Malloryville, and in the Virgil Valley in the Dryden district. 

The detrital plains below about 1,040 feet must be credited to Lake 
Ithaca, and are noted below. The extensive plain about Freeville will 
also be explained. 

The Freeville-Dryden Lake was lowered into Cascadilla Lake by out- 
flow on the west slope of Turkey Hill, at about 1,200 feet. 

GENOA-MORAVIA-GROTON LAKE 

Genoa-Moravia-Groton Lake was a glacial lake remarkable for ex- 
tension through several relatively narrow valleys (Auburn, Genoa, Mora- 
via, Cortland, Ithaca, Dryden, and Harford topographic sheets). The 
northward uptilt of the land, somewhat over two feet per mile, must 
be considered. 

While the Cayuga Valley ice lobe still buried the site of Ithaca and 
filled the main valley to a height of at least 1,100 feet, it pushed a side 
lobe into the valley of Salmon Creek, burying the site of Ludlowville 
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under several hundred feet of ice. Of course, this blocked the Salmon 
Valley, and the impounded water found a far-distant outlet. 

In the earlier stage these straggling valley waters were probably con- 
fluent with the Freeville-Dryden Lake, but when this lake was drained 
into Lake Ithaca then the multiple-valley lake had its outflow at Free- 
ville into Lake Ithaca. 

The blockaded water in the Salmon Creek valley spread northward 
in the west branch, Little Salmon Creek, probably 12 or 14 miles, to 
reach an altitude as high, at that time, as the Freeville outlet. The 
differential uplift appears to carry 25 miles, to Poplar Ridge village. 

The lake also passed up the main branch of Salmon Creek, flooding 
the sites of Genoa and Venice Center. The divide at Merrifield (Auburn 
sheet) is 1,055 feet, which is at least ten feet beneath the calculated eleva- 
tion of the deformed lake plane at that point. Hence, it appears prob- 
able that the water in the branches of Salmon Creek bathed the front 
of the glacier on the north as this lay across the ground between the 
Cayuga and the Owasco valleys. 

This branching lake also reached up the valley leading northeast to 
Locke, and continued on over the site of Moravia, and as far north in the 
Owasco Valley as the ice sheet, then lying over the site of Auburn, would 
permit. Over the site of Moravia the depth of water was nearly 350 
feet. A well developed delta plain two miles northeast of Moravia, at 
elevation 1,070 feet, is probably a record of the lake. 

In further extension the lake water spread southward in the Owasco 
inlet valley, covering the site of Groton, and found an outlet at Freeville 
into Lake Ithaca. The linear extent of these valley waters was at least 
fifty miles. 

This connection of valleys was flooded, in whole or in part, during three 
stages of the glacial history: (1) while held at the Harford outlet; (2) 
while held at the Freeville outlet; and (3) when confluent with Lake 
Ithaca, as shown in Figure 6. 

The drop in elevation from the Harford to the Freeville level was 
about 175 feet; and from the latter to the plane of Lake Ithaca was 
only about 15 feet. 


TRUMANSBURG LAKE 


A primitive lake was held in by the Cayuga ice lobe on the west wall 
of the valley in the district of Trumansburg. The valleys of Trumans- 
burg and Taghanic creeks and their tributaries (Genoa and Ithaca sheets) 
held glacial water in irregular form as long as the ice covered ground 
above about 1,015 feet elevation. 
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An early outflow of the imprisoned water probably found escape across 
a divide four miles east by north of Mecklenburg, having an elevation of 
1,200 feet. Such outflow followed Fivemile and Butternut creeks over 
into Lake Ithaca in the inlet valley, and contributed to the detritus for 
the deltas at about 1,000 feet. 

The outflow of the later phase of the Trumansburg Lake is not clearly 
suggested on the topographic sheet, but record of the stream-flow past 
the ice margin should be found on the northeast-facing slope near Jack- 
sonville, at elevations above 1,015 feet. One mile west of Jacksonville 
a channel may be found at 1,040 feet. Above this, on the north-facing 
slope, stream scouring should appear up to 1,200 feet. When the ice 
released ground down to about 1,015 feet, this water blended with Lake 
Ithaca. 

The sand plains south of Trumansburg and west of Halseyville, with 
elevation 1,020 feet down to 980, evidently were laid in Lake Ithaca. 
Lower plains and terraces are records of subsequent and lower lakes. 

No other capacious valleys occur to the north on the Cayuga slopes, 
but many small valleys and drainage lines carry delta deposits of sand 
and gravel. Perhaps Paines Creek on the east side and Sheldrake Creek 
on the west wall (Genoa sheet) and Great Gully Brook (Auburn sheet) 
held water at declining levels which will afford interesting study. 


LAKE ITHACA (STAGE 2) 


Since the year 1894 the name, Lake Ithaca, has been applied to the 
ice-impounded water held at the highest level in the Cayuga Lake area 
(Papers 1, 3, and 5). A late phase of the lake is mapped in Figure 6, 
together with the early lakes in the Finger Lakes valleys. 

Lake Ithaca had its inception when the receding front of the glacier 
held water at the divide at White Church Crossing, eight miles south- 
east of Ithaca. As the ice lobation in the deep valley, now partly utilized 
by Sixmile Creek, shrank and shortened, the lake expanded, eventually 
reaching Cayuga Valley proper. 

Further lake expansion, through unknown centuries, followed the re- 
ceding front of the Quebec ice sheet until this had receded northwestward 
for thirty miles in right line distance from the White Church outlet to 
near Ovid village. The area is included in the Ovid, the Genoa, and the 


Ithaca sheets. 
WHITE CHURCH OUTLET 


The precise divide, or water-parting, called White Church outlet is one 
mile north of White Church railroad crossing (Dryden sheet), with eleva- 
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tion today about 985 feet. The divide is clearly indicated by the behavior 
of two brooks only one quarter mile apart on the west wall of the valley. 
They soon part company, Willseyville Creek flowing south and Beaver 
Brook turning north to join Sixmile Creek. 

The definite channel cut by the lake overflow appears above the White 
Church Crossing, with a width of one-eighth mile and with walls some 
twenty feet high. The tracks of two railroads utilize the pass and the 
channel southward to below Willseyville. 

When deserted by the ice lobe and discovered by the earliest water, the 
pass and the valley were probably occupied for some miles by consider- 
able volume and depth of morainal drift and stagnant, drift-loaded ice. 
Definite delta terraces one mile northwest of the railroad crossing, built 
by the two brooks named above, with elevation over 1,100 feet, are credited 
to standing water held at the primitive level alongside the waning ice 
lobe. The delta is much over 100 feet above the close-by divide, but this 
water was probably above the level of the open-valley water of earliest 
Lake Ithaca. 

The actual amount of downcutting of the White Church outlet * dur- 
ing the life of Lake Ithaca, producing the present form, is a matter of 
personal estimate: ten feet, perhaps, on the intake is here used. 


OVID OUTFLOW; EXTINCTION OF LAKE ITHACA 


The intervalley ridge between Seneca and Cayuga valleys terminates 
abruptly at the village of Ovid. When the margin of the ice sheet, with 
re-entrant angle on the ridge, lay weakly on the north-facing slope south 
of the village, the water of Lake Ithaca found westward escape on ground 
which, at that time, was lower in elevation than the long-time outlet at 
White Church. This outflow made Lake Ithaca tributary, for a short 
time, to glacial Lake Watkins in the Seneca Valley. 

The early outflow at Ovid is about 22 miles north of the latitude of 
White Church outlet. Assuming the postglacial northward uplift as two 
feet per mile suggests that the initial Ovid overflow was on ground 
with present elevation about 1,030 feet. This is the elevation of the 
steep slope, apparently stream swept, one mile southeast of Ovid village. 
It is possible that in such case of flow at the thin and perhaps drift-covered 
ice margin, the earliest outflow was over drift-anchored ice, with some 
drop to the flow on the ground. 

As the ice front at Ovid yielded to melting and stream erosion, Lake 
Ithaca was downdrained, and when the lowering reached elevation of 


SR. S. Tarr: op. cit., p. 22. 
XVIII—BouLt. Grou. Soc. AM., Vou. 45, 1934 
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about 965 feet the lake became confluent with Lake Watkins. The ex- 
panded water body, occupying both the Seneca and the Cayuga valleys, 
and eventually other valleys east and west, is long known as Lake New- 
berry (Fig. 7). 

ITHACA DISTRICT FEATURES 


Many detrital plains and terraces in the lower valley of Fall Creek 
are credited to Lake Ithaca. The plains, close and east of the city at, 
and somewhat under, 1,000 feet elevation, are certainly Lake Ithaca 
records, and the wide plain of Cornell University farm, at 940-980 feet, 
is a good example. 

Theoretical elevation of the lake on the parallel of Ithaca is 1,000 
feet. At Varna the lake plane is a few feet higher, and at Etna about 
1,010 feet, but around Etna the topographic (Dryden) sheet displays 
level stretches up to 1,020 and 1,040 feet. This excess in elevation re- 
quires the application of the principles stated in the section on criteria. 
All figures for the lake elevations are based on the present eroded White 
Church outlet, and are minimum. Some undetermined allowance must 
be made for downcutting of the outlet after Lake Ithaca was permitted 
access to the Fall Creek valley. Perhaps we may allow ten feet, or five 
feet. Then, something more, a few feet, should be added for the depth 
of the outlet stream at its head, over the wasteweir. Another small addi- 
tion may be allowed for exceptional high water in the smaller lake dur- 
ing the summer floodings, when the streams were at maximum in volume 
and in detrital load. These allowances may reasonably carry the water 
surface from the theoretic minimum at Etna of 1,010 feet up to, say, 
1,025 feet. 

Another factor, perhaps the most effective, was the upbuilding of the 
Etna plains as the floodplains of Fall Creek when the valley was filled 
and graded to the lake level. The maximum flow was when the creek 
carried the overflow of Genoa-Groton Lake. 

The summit level of Lake Ithaca can be quite definitely determined 
by accurate measurements of the highest delta terraces on the brooks 
and dry gulches along the Cayuga Valley walls. Theoretically, these 
should slowly decline northward in relative elevation, due to downcutting 
of the White Church outlet. 

Any weak lower terraces quite beneath the Lake Ithaca plane but above 
the Newberry plane may be tentatively correlated with the falling levels 
as Lake Ithaca was downdraining at Ovid. On the Ithaca parallel the 
total drop is estimated as about 65 feet. The plains north of Forest 
Home, at 920-940 feet, apparently belong to the Newberry level. 
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Tributary streams in the inlet valley built numerous deltas at declining 
levels.° The general level of the summit deltas is about 1,000 feet, 
evidently correlating with the higher level of Lake Ithaca. 

The wide Freeville plains (Moravia, and Dryden sheets) have a com- 
plex origin and history. The intersection there of two ancient valleys 
served as catchment area for heavy drift filling. As the ice sheet with- 
drew, the water of Freeville-Dryden Lake spread lake detritus over the 
moraine filling. Later, the area was swept as the wide outlet of the Genoa- 
Moravia-Groton Lake. The heavy flow from the Owasco Valley graded 
the Fall Creek valley to the level of Lake Ithaca, and as the closing and 
leveling effect, Fall and Virgil creeks spread their stream detritus over 
the area. 

LAKE NEWBERRY (STAGE 3) 


With the creation of Lake Newberry the Cayuga Valley waters ceased 
to be local, or restricted to the valley, becoming a part of the glacial his- 
tory of central New York. The long and interesting series of ice-dam- 
med waters in New York has been described in Papers 3-6, 17, and mapped 
in Papers 5 and 17. Portions of those maps, significant for the present 
writing, are reproduced here as Figures 6-12. 

Lake Watkins, in the headward part of the Seneca Valley, and its ex- 
pansion as Lake Newberry (Fig. 7) had outlet at Horseheads (Elmira 
sheet), five miles north of Elmira, with outflow to the Chemung and the 
Susquehanna rivers. 

The Horseheads outlet is the lowest south-leading pass in New York 
west of the Hudson Valley, and through Lake Newberry it poured the 
glacial water from a wide territory in central New York. Figure 7 maps 
the lake at its greatest expanse. 

Figuring the present elevation of the Horseheads pass as 900 feet and 
using the northward differential uplift of two feet per mile, it is prac- 
ticable to estimate the elevation of the Newberry plane at different points 
and to predict with fair success its shore records. The present elevation 
of the Newberry plane at Ithaca is considered 945 feet (See tabulation, 
p- 271). 

Some of the delta terraces in the inlet valley may be quite definitely 
determined as Newberry. They should be five to fifteen feet lower than 
945 feet, depending on the southward distance from the Ithaca parallel. 

The plains east and northeast of Ithaca, either side of Fall Creek, 
at elevations of 940-960 feet, would appear to be delta deposition by Fall 
Creek in the Newberry water, as would also the plains by Taghanic Creek, 


® Partially plotted in figures 2 and 3, H. L. Fairchild: op. cit. 
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south of Trumansburg, having elevation of 960 feet. Farther north- 
ward in Cayuga Valley the absence of lines of heavy drainage prevented 
conspicuous delta records; but the small streams and wet-weather runs 
often carry bisected gravel deposits that the topographic sheets cannot 
recognize. 

Beyond the limits of Cayuga and Seneca valleys, Newberry water spread 
east and west. The shore lines have not been traced but may be recognized 
in some places, although weak on the north because of the briefer exist- 
ence there of the lake. They should be about 150 feet over the Warren 
beaches, to be described later. 

Figure 7 also shows the Newberry water as invading the Owasco Valley 
from both south and north. The divide between Cayuga and Owasco 
valleys, one mile east of North Lansing corners, has elevation of 960 feet, 
but the Newberry level passes over it at about 975 feet. A large area in 
Cayuga County was an island in Lake Newberry. Lake Ithaca flooded 
the North Lansing pass about 50 feet deeper than did Lake Newberry. 
(Compare Figs. 6 and 7.)?° 

The precise relations in time, altitude, and space between Lakes New- 
berry and Hall remain uncertain. Figure 7 depicts Lake Newberry as 
extending across and beyond the Genesee Valley. With this conception, 
Lake Hall became successor to Newberry when the ice front on the Bata- 
via meridien exposed west-leading passes inferior in elevation, at that 
time, to the Horseheads outlet, with the change in outflow from the 
Chemung-Susquehanna-Atlantic to the Erie-Huron-Mississippi. 


LAKE HALL (STAGE 4) 


The map (Fig. 8) shows in a general way the full expanse of Lake 
Hall, the immediate successor of Lake Newberry, during its later phase. 
Its outlet was at the city of Batavia, over to glacial water in the Erie- 
Huron basin, with final escape to the Mississippi. 

Both Lakes Newberry and Hall became members of the long series of 
glacial waters in the Genesee Valley. One stage of the Genesee outflow 
had been southward, near Dansville, to the Canisteo-Chemung-Susque- 
hanna. Recession of the ice front on the ground south of Batavia opened 
escape westward, with ultimate flow to the Mississippi. Incursion into 
the Genesee Valley of Lake Newberry diverted the outflow southward, 


1° A description of the Horseheads channel and a reproduction of Lake Newberry map 
is given by R. S. Tarr: op. cit., p. 22. 

uH. L. Fairchild: Glacial Genesee Lakes, Bull. Geol. Soc. Amer., vol. 7 (1896) pp. 
423-452 ; Amer. Geol., vol. 18 (1895) pp. 237-238; Sci., vol. 2 (1895) pp. 278-299 ; Amer. 
Jour. Sci., vol. 50 (1895) p. 345. 
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at Pine Valley-Horseheads, to the Chemung-Susquehanna. Further ice- 
front recession at Batavia again exposed west-leading passes inferior to 
the Newberry level, thus initiating Lake Hall. 

Such shifting in place and direction of the lake overflows shows a 
singular balancing between remote controls. 

The full height of the Newberry level on the Canandaigua salient is 
about 1,000 feet, and on the Batavia isobase it is calculated as 1,020 
feet. The closing level of Lake Hall is 900 feet, hence the drop in eleva- 
tion in Cayuga Valley and central New York from the Newberry level 
to the extinction of Lake Hall is about 120 feet. 

As Lake Hall was falling water with relatively short life in central 
New York, no shore features have been definitely recognized. Possibly 
some terraces in the Cayuga inlet may be tentatively credited here. Sand 
plains at Taghanic Falls, at elevations in the neighborhood of 900 feet, 
may represent the Hall level. 


VANUXEM FALLING WATERS (STAGE 5) 


Vanuxem is the name applied to the waters succeeding Lake Hall, 
which, like Hall, had falling levels. With eastward outflow to the 
Mohawk-Hudson the waters fell from 900 feet elevation, at Batavia, down 
to extinction near sea level.?? 

Figure 9 represents the earlier, and higher, Vanuxem, the chief differ- 
ence between this map and that of Lake Hall (Fig. 8) being the opposite 
direction of outflow. 

The initial outflow of Lake Vanuxem was on the Syracuse-Oneida 
salients, at elevation now about 1,100 feet, allowing for uplift greater 
than at Batavia. The highest recognized channels of the downdraining 
are at 900 feet on the north-facing slopes five miles southwest of the 
center of Syracuse.** Subsequent, and much lower, flow carved the wide 
channel through what is now the center of the city of Syracuse, the rock 
bottom being today 370 feet above tide. When effective, the channel ** 
was only about 70 feet above present ocean level. 

The downdraining of the glacial water of the Ontario basin, together 
with that of the Erie-Huron basin, introduced a time stage of deglacia- 
tion, with no ice-dammed water—only free land drainage. 


12H. L. Fairchild: Closing stage of New York glacial history, Bull. Geol. Soc. Amer., 
vol. 48 (1932) pp. 618-619. 

3H, L. Fairchild: Glacial waters in central New York, N. Y. State Mus. Bull. 127 
(1909) pp. 23-24. 

The Syracuse scourways are mapped, Paper 5, pl. 4; and their continuation east- 
ward are mapped and described in Papers 13 and 14. 
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DEGLACIATION INTERVAL 


The recession of the ice front which permitted the downdraining of 
the New York glacial waters was part of the general shrinkage of the 
ice sheet that removed the Quebec glacier from the State. The distance 
through which the ice withdrew, the remnant, if any, left in Canada, 
and the centuries duration of the intraglacial (or interglacial) stage of 
deglaciation are unknown. Free land drainage was re-established in 
New York. 

No map is here presented of this interesting episode in the glacial 
history, but the lines of river flow between Batavia and Rome are mapped 
in detail in Papers 6, 13, and 14. These channels are believed to have 
carried the downdraining outflow of the first Lake Warren, which had 
been confined to the Erie-Huron basin, as described in Paper 6. 

In former maps in Papers 5 and 17 an early phase of the ice-border 
drainage is represented as reaching to the Cayuga basin, as “Lake Monte- 
zuma.” This is now thought to be incorrect, at least for the “free drain- 
age” condition. At the time when those early papers were written the 
amount of postglacial land uplift was not known, and its effects and 
implications were not appreciated. The writer now considers that the 
Syracuse district was, in that early phase, at least 300 feet lower than today 
(Fig. 4) with the drainage at the head of the Mohawk Valley near sea 
level (Paper 6). This produced steeper northward slope of the land 
surface than exists today, and, as discussed later in this writing, the 
drift barrier at the north end of the ancient Cayuga lakes stood higher 
than the lines of eastward river flow. 


CAYUGA LAKE I (STAGE 6) 


During the period of deglaciation and free land-stream drainage a 
land-locked, or drift-barrier, lake was held in the deep Cayuga Valley. 
The fillings of glacial rock-rubbish, which constitute the land barrier 
at the north ends of all the Finger Lakes, was then mostly in place. 
Subsequent ice invasion in Lake Warren time probably added a minor 
amount of drift, and some small depth of lake deposits and vegetal accu- 
mulation have been superimposed. 

That old-time Cayuga Lake was not greatly unlike the present one. 
A comparison of altitudes and dimensions is interesting. 

Central New York, depressed by the weight of the Quebec continental 
ice cap through vast lapse of time, was then at its lowest, and the north- 
ward downslope of the land surface was at its maximum. All the land 
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uplift for which we have measurable record (Figs. 4 and 5) took place 
some thousands of years later, during the life of Lake Iroquois and down 
to near the present day. For the present purpose we may assume that 
Cayuga Lake I had its outlet similar to the present lake, and we may 
also use the present elevation of 381 feet. The possible difference will 
be considered later. 

As the total measured uplift at the lake outlet is 250 feet (Fig. 5) 
it follows that the first Cayuga Lake stood only 131 feet above ocean 
level. The drainage on the north was graded to the sea level in the 
Mohawk Valley. 

The plane of the ancient lake is now deformed. The uplift at Ithaca 
has been only 190 feet, which leaves the shore lines of the ancient 
Cayuga at Ithaca about 60 feet below the present lake. In other words, 
the upraised theoretical plane of Cayuga I now declines southward from 
381 feet at the outlet to 321 feet at Ithaca, or 60 feet under the present 
water. 

No map is here presented of that first Cayuga Lake, but such could 
be drawn in approximation. At the north, or outlet, end it would have 
somewhat less width than the present water, to the degree that the outlet 
filling was less than today. The headward portion was narrower by 
whatever amount the valley is constricted at a depth in the present lake 
of somewhat more than 60 feet. On the other hand, the extensive delta 
plain at the head of the present lake and most of the filling in the inlet 
valley were then not in existence, so that the early lake was extended 
southward several miles beyond the reach of the present water. 

Boatmen on the first Cayuga Lake would have enjoyed a long stretch 
of quiet water, well sheltered from east or west winds. 


VANUXEM RISING WATERS (STAGE 7) 


Closing the interval of deglaciation some climatic change produced a 
re-advance, or perhaps re-creation, of the Quebec ice sheet, and it re- 
invaded New York. The eastward land drainage was blocked, and under 
control of the ice front against the salients in the Syracuse-Oneida dis- 
trict a series of glacial waters was forced to higher and higher levels. 

The area involved in second, or rising, Vanuxem was similar to that 
in the falling Vanuxem, and the points of outflow were probably the 
same, but in reverse order. The rise of water level was from near ocean 
level up toward 880 feet on the scarp at Pond Station, five miles north 
of Batavia, culminating in a second Lake Warren. The story is told in 


Paper 6. 
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The second Vanuxem water flooded the Cayuga Valley to about forty 
feet below the highest level, or initiation, of the first Vanuxem, or the 
closing level of Lake Hall. 

No map of this second Vanuxem water is here included, as the highest 
and closing level would practically duplicate Figure 9. 

These waters with eastward outflow, both the falling and the rising 
Vanuxem, perhaps had standstills, or fixed levels, of sufficient length 
to produce shore records in the Cayuga Valley. Some of the stream 
cuttings on the rock salients in the Oneida district, described in Paper 14, 
are of surprising amount. The theoretic levels for the head of Cayuga 
Lake are given in the tabulation (p. 278). Careful study of deltas be- 
neath the Warren level and above the Iroquois may discriminate the 
Vanuxem from the Dana. 


LAKE WARREN (STAGE 8) 


When the water of the rising Vanuxem was lifted, by the advancing 
ice front in the Syracuse-Oneida district, to a level now 880 feet on the 
scarp of Onondaga limestone five miles north of the parallel of Batavia, 
it found and utilized the outlet across Michigan of the Erie-Huron Lake 
Warren. With initiation of the westward escape the Vanuxem water 
became Lake Warren the second, but it was the first, and only, Warren 
in central New York as the first Lake Warren did not transgress east 
of Batavia (Paper 6). It is mapped as Figure 10, 

Well-defined shore features, gravel embankments, and erosion cliffs 
in the Genesee Valley at 880 feet register the standstill of Lake Warren, 
for time unknown. The Warren level becomes the best datum plane 
above the Iroquois for the glacial widespread waters. 

A definite and extended moraine, described in Paper 25, marks the 
advanced position of the ice front in New York during the Warren 
episode. This Waterloo-Auburn moraine lies across the north end of 
Cayuga Lake at the village of Cayuga.’® 

The Warren records have special interest. The most massive kame 
groups were constructed in Lake Warren under some special drainage 
conditions in the conflict of glacier and lake. The kames are those 
of Mendon, south of Rochester (Paper 23); the south flank of Turk 
Hill lying on the east wall of the Irondequoit Valley; and the Junius 
area between Lyons and Geneva.?* 


%H. L. Fairchild: New York Moraines, Bull. Geol. Soc. Amer., vol. 43 (1932) p. 


652, figs. 1 and 6. 
1% H. L. Fairchild: op. cit., fig. 6. 
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Lake Warren had its demise when the advanced ice front began its 
second retreat across the lowland of central New York and for at least 
the second time opened eastward escape for the impounded water. The 
channels in the Syracuse-Oneida district below about 1,000 feet were 
re-occupied and recut. 

At Ithaca the Warren plane is considered as 795 feet elevation. Some 
of the deltas in the inlet valley are recognizable ; as are also the sandplains 
about Trumansburg, at about 810 feet elevation. 


FINAL DOWNDRAINING (STAGE 9) 


Lake Warren was terminated by the second, and final, recession of 
the ice front on the salients at Syracuse, Chittenango, Canastota, and 
Oneida. The eastward sub-Warren drainage, with falling levels, was 
in repetition of the first, or falling, Vanuxem, Stage 5. Events in this 
second downdraining are well recorded and suggest grouping in three 
substages. 

The remarkable display of glacial river work in the Syracuse-Oneida 
belt, involved in this closing part of the glacial history, is mapped in 
detail in plates 4 and 5 of Paper 5. The channels were excavated, in 
part, during Stage 5, when the falling Vanuxem also carried the copious 
flow from the Erie-Huron basin. Advocates of multiple glaciation of 
New York can appeal for evidence to river work of interglacial epochs. 


PRE-DANA SUBSTAGE 


The water of Lake Warren at the ice margin in the Syracuse-Oneida 
district reached to ground now uplifted to perhaps 1,000 feet. The series 
of cross-ridge channels, with the famous cataract basins and lakes, south- 
east of Syracuse and lying above 710 feet were reshaped by the latest 
pre-Dana flow. The earlier outflow was farther east. 

The “Gulf” channel, heading four miles north of Skaneateles village, 
was nearly the last record of these waters, here falling to 820 feet. The 
latest control was on the north-facing slope three miles northeast of 
Marcellus village, falling, as the ice front slowly gave way, from 820 
down to 700 feet. Below this level is the Dana, here mapped as Figure 11. 


LAKE DANA SUBSTAGE 


The Lake Dana substage is the long standstill in the fall of the glacial 
waters from Lake Warren to Lake Iroquois.?” 


17 The features are described in Papers 2, 6, 15, and partially mapped in Paper 5, 
pls. 1 and 2. 
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The capacious channel heading at Marcellus village, with the present 
intake elevation of 690 feet, held the widespread Dana water at a stable 
level. As this pass is 210 feet lower than the higher scourways of the 
falling Vanuxem, five miles to the northwest, it is evident that it could 
not have been open and available when the first eastward river flow 
occurred, following the Lake Hall stage. The only acceptable expla- 
nation is that the Marcellus pass during first Vanuxem time was deeply 
filled with stagnant ice, drift-loaded and drift-covered.1* With a general 
west-east trend and lying athwart the direction of ice movement, the 
Marcellus-Cedarvale-South Onondaga Valley had served as a catchment 
basin for the entrapped ice and morainal drift. A similar case is the 
buried stretch of the ancient Genesee Valley, southeast of Rochester. 
During the centuries between the first Vanuxem and the extinction of 
Lake Warren the ice in the Marcellus trap had melted. 

Detached Dana shore features are abundant from near Geneva west- 
ward to Buffalo, having quite definite elevation of 700 feet. The drum- 
lins, which stood as islands in Dana water, are conspicuously notched, 
with gravel spits. 

Dana beaches should be found east of Geneva. In the Cayuga Valley 
the Dana level should be definite, lying 180 feet below the Warren. The 
topographic sheets with contour interval of 20 feet cannot express the 
delta forms of Warren and Dana, but the evidences of standing water 
are interesting in field study. 


PRE-IROQUOIS SUBSTAGE 


Lake Dana was extinguished when the ice front in the district south- 
west and south of Syracuse backed away and permitted ice-border river 
flow below that of the Marcellus intake. Farther east, toward Oneida 
and Utica, the ice front had earlier recession. 

The multitude of drainage lines across the highlands, lying below 
700 feet elevation, were occupied by the pre-Iroquois rivers. The James- 
ville cataract, together with the Blue Lake plunge basin, had been aban- 
doned, but the great railroad channel southeast of Syracuse, with eleva- 
tion of 540 feet, was now effective. These and the lower channels at 
Fayetteville, Chittenango, Canastota, Oneida, and northeastward are 
about the latest records of the ice-border rivers (Papers 13 and 14). 

With removal of the ice sheet from the Syracuse district, land drainage 


1H. L. Fairchild: Glacial waters in central New York, N. Y. State Mus. Bull. 127 
(1909) pp. 52-53. 
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again occupied the wide and low channels, through Syracuse and on the 
north, which were graded to the Rome-Little Falls outlet (Paper 6). 
Probably the drainage from Ohio, Indiana, and Michigan was the greater 
contribution to those rivers, as it was to the higher channels. 

While the ice-front control lingered in the east, toward Rome, shallow, 
standing water replaced the stagnant ice in the district of Syracuse 
and Oneida Lake, finally dropping to the low level of the primitive Lake 
Troquois. 


CAYUGA LAKE II (STAGE 10) AND ITS RELATION TO 
LAKE IROQUOIS 


When Lake Iroquois was initiated the glaciated territory of New York 
had probably recovered only slightly from the downthrow produced by 
the ice loading throughout hundreds of thousands of years. The amount 
of uplift since the beginning of Lake Iroquois is shown, in minimum, 
in the map of isobases of uplift (Fig. 4). With this data, and known 
elevations of the Iroquois beaches, interesting figures are derived (Fig. 5). 

The earliest records of Lake Iroquois have not been found, but they 
were somewhat below those that are preserved. The primitive outflow 
was lower than the Rome intake, shaped by the final outflow, on which 
all figures are based.’® 

Cayuga outlet, now at 381 feet elevation, has been lifted 250 feet 
since the initiation of Lake Iroquois (Fig. 5). This makes the outlet 
131 feet above ocean level at the time of that event. The tabulated 
initial level of Iroquois is 110 feet, or 20 feet below the Cayuga outlet, 
but initial Iroquois was actually much below 110 feet and near sea 
level.2° It thus appears quite certain that following Lake Dana, with 
restoration of low water and probably free land drainage in central 
New York, the Cayuga basin again held its own land-locked water, the 
second Cayuga Lake. This assumes that the lake deposits and peat ac- 
cumulation in the Montezuma Marsh are not of great depth. The physi- 
cal conditions were similar to those of the first Cayuga Lake. 

The acreage of Cayuga II was not so large as that of the present 
lake, the outlet district being lower in relation to the Ithaca district 
than it is today, and the depth and width less at the head. On the other 
hand, the water probably reached farther up the inlet, by whatever the 
delta has encroached on the lake since pre-Iroquois time, perhaps 30,000 


2H. L. Fairchild: Closing stage of New York glacial history, Bull. Geol. Soc. Amer., 
vol. 43 (1982) p. 618. 
20 Thid. 
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years ago. Data relating to those lake levels probably would not be 
much different from those of Cayuga Lake I. 


LAKE IROQUOIS (STAGE 11) 


The general history of Lake Iroquois is well known. The localities 
of its two outlets and its extinction are given in Paper 20. 

During the life of Iroquois the Rome outlet was lifted 180 feet 
(Fig. 5). The basis for this assumption is found at Covey Hill, on 
the International Boundary, where the Iroquois shore terminates with 
elevation of 1,030 feet, whereas distinct and massive sea level embank- 
ments are 740 feet. The difference of 290 feet is the elevation of the 
Iroquois water surface at the time of extinction. This is a critical datum 
figure. 

The Iroquois beaches at Rome are at 460 feet elevation, which indicates 
that the land rise at Rome since Iroquois time has been (460 —290 = 170) 
170 feet. This figure, deducted from the total land uplift at Rome, 
350 feet, gives 180 feet for the rise of the Rome outlet during the life 
of the lake. Of course, we get the same figure by deducting the initial 
elevation of Iroquois from its closing elevation of 290 feet. 

We may now apply these figures to the Montezuma district. Numer- 
ous bars, shaped by waves of the highest Iroquois, occur along the Cayuga 
outlet for seven miles. Within two miles of the precise outlet are two 
bars at 409 and 411 feet elevation. The mean, 410 feet, is used for the 
summit level of the Iroquois water as now upraised. 

Deducting 290 feet—the uniform elevation of the Iroquois surface 
at time of the extinction of the lake—from 410 feet gives 120 feet as 
the amount of uplift at the Cayuga outlet since Iroquois time. 

The Montezuma and Cayuga level is 381 feet. Deducting the post- 
Iroquois uplift of 120 feet gives 261 feet as the elevation of Cayuga 
Lake plane in Iroquois time. But Lake Iroquois, at 290 feet, overtopped 
the Cayuga level and the Montezuma plain by 29 feet. We have the 
direct measurement in the field, where the Iroquois bars are at 410 feet 
elevation, and the marsh and Cayuga outlet at 381 feet. 

The Cayuga embayment of Lake Iroquois flooded the valley 29 
feet over the outlet district, but at that time the Ithaca district was 
higher in comparison with the outlet than it is today. The Iroquois 
plane has been deformed by northward uptilting. Thus, the interesting 
problem arises of the vertical position of the Iroquois plane in the Ithaca 


district. 
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We have no certain datum, but Ithaca lies on the same isobase as 
Hamilton, Ontario, and we may fairly assume the same quantitative 
elements. Then, the post-Iroquois uplift is 72 feet, and adding this 
to the original elevation of the Iroquois level, 290 feet, we have 362 feet 
as the present estimated elevation of the Iroquois plane. As Cayuga 
Lake is 381 feet, then the Iroquois plane at Ithaca is submerged 19 
feet. Of course, the figures are not absolute, but they suggest the true 
condition. 

The Iroquois embayment, lower at the head of the valley than the 
present lake, had less width and area, but, like Cayuga Lake II, it 
probably extended farther south, up the inlet valley. What it lacked 
in the Ithaca district was more than balanced by the greater expansion 
over the valley slopes at the north, where it was 29 feet deeper. It is 
certain that Iroquois water had much wider expanse in the Cayuga 
Valley than the present lake. 


CAYUGA LAKE III (STAGE 12) 
MONTEZUMA PLAIN 


The Montezuma Marsh has an interesting geologic and biologic rela- 
tion. This geographic feature is the most southerly and most extensive 
of a series of marshes, which with swampy tracts and low plains extend 
from Niagara River eastward to beyond Syracuse. This depressed belt 
of slack drainage was developed in preglacial time as an east-west depres- 
sion on the eroded outcrop of the decomposable Salina shale formation. 
Even in Tertiary time the low belt had extensive control of drainage 
(Fig. 1), which it retains to the present day. The Cayuga Valley in 
Tertiary time cut across the Salina depression, and the bed of the 
Cayugan River was graded to the Ontarian River in the Ontario basin. 

The Cayuga Valley, like the other north-sloping valleys, was filled 
and blocked by glacial deposits that constitute the barriers which hold 
the present Finger Lakes on the north. The massive drift filling beneath 
the Montezuma Marsh was probably near its present volume when the 
ice sheet receded during the Vanuxem downdraining (Stage 5), and the 
ice-laid drift was fully in place when the ice made its final departure, 
during Lake Dana and pre-Iroquois time. Some subsequent deposition 
has been by lake sedimentation and vegetal accumulation. 

Although the Seneca Valley was the deepest of the valleys tributary 
to the Ontarian, it was filled to greater height than the Cayuga; the 
latter having today the lowest and least effective northern dam. 
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Whatever irregularities existed on the surface of the morainal drift 
in the Montezuma area as the ice front left it, were subdued by the 
leveling action of lake waters during the several episodes of rising and 
falling waters, and especially by Lake Iroquois. During the deglaciation 
interval, and again in the pre-Iroquois substage, the area was exposed 
to the atmosphere and open to plant life. The character of the Monte- 
zuma Marsh, as we see it, is due especially to the filling and smoothing 
effects of Lake Iroquois, in rise and fall, and the growth of aquatic 
vegetation since the withdrawal of the lake, while the area has been 
rising through about 120 feet. 


CAYUGA OUTLET AND SENECA RIVER 


The Seneca River, carrying the overflow of Cayuga Lake, is a singular 
example in stream hydraulics. From the lake it passes north for nine 
miles, and then turning abruptly to the east it has for 41 miles a devious, 
winding, uncertain course to Three Rivers Point, where, in junction with 
the Oneida Lake outflow, it becomes Oswego River. Mapping of this 
wayward stream requires the Auburn, Weedsport, Baldwinsville, and 
Syracuse topographic sheets. 

In the sluggish, canal-like flow for 50 miles Seneca River gains only 
29 miles of rightline distance, with a fall of only 14 feet, and an average 
gradient of less than three and a half inches per mile. The origin 
of the west-east depression which holds the river has already been 
described. 

The history of Cayuga Lake is involved in the regimen of the Seneca 
River as regards location and elevation of the original, or primitive, 
outlet of the lake, and in the cause and growth of the vast Montezuma 
Marsh. The critical factor in the history is the slanting uplift of the 
land in post-Iroquois time. This uplift is less than half of the total 
rise (Fig. 5) and is less than one foot per mile in northward direction. 
In the nine miles to Bluff Point, where the river turns abruptly eastward 
to begin its listless flow, the uplift is only about eight feet. The differ- 
ence in rise between the Cayuga outlet and Three Rivers Point is about 
30 feet. When Lake Iroquois receded, the northward decline of the land 
surface was more than twice that of today, being nearly one foot per 
mile to Bluff Point, and averaging seven inches per mile to Three Rivers 
Point, assuming the lake outlet as practically the same altitude as now. 

It would appear that the primitive lake outlet could not have been 
distant from its present point because the land uplift would have con- 
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firmed the position, producing ponding behind it, or upstream. It is 
evident that the present low gradient and sluggish character of the 
Seneca River is an effect of the northward uptilt of the land; also, that 
the Montezuma Marsh is another product of the slack drainage. Of 
course, the lake is compelled to hold its elevation just sufficient to 
produce outflow, and it is possible that with uplift and plant accumula- 
tion the lake surface has been slightly lifted. The peat in the marsh 
is reported as only two to four feet thick, underlain by marl, the latter 
suggesting open water. 

Briefly reviewing the history: The ice sheet re-advanced in Lake 
Warren time, overrode all the territory north of Seneca Falls and Cayuga 
villages (Paper 25), and probably left the area with some surface irreg- 
ularity. The filling and smoothing effect by the wave work of Lake 
Iroquois, during both advance and retreat, might not have obliterated 
the depressions. Certainly, the northward land uplift produced ponding 
sufficient to account for the extensive marshes. It should be noted that 
the great marsh extends northwestward and up the Clyde River for 
seven miles, and northward past Savannah for many miles. 

The present Cayuga Lake outlet is probably in its original location, 
and any possible change in its vertical position is of negligible impor- 
tance for the present purpose. The reader will understand that figures 
and tabulation in this writing are not absolute, and that the important 
and interesting point is the time succession of events and the general 
vertical relations of the several water stages, not the precise numerical 
values. 

The existence of the shallow, winding path of the Seneca River, with 
its slight fall and canal-like conditions, for such distance and for many 
thousands of years, is testimony of the long-time stability of that part 
of the earth’s surface. The small amount of tilting uplift probably 
ceased long ago. 


THE PRESENT LAKE 


The curtain now rises on the closing scene of the Cayuga drama, with 
the present lake in view. 

“Fair Cayuga’s Waters” is the third lake of the musical name, if our 
philosophy is right. As no human was present to name the two earlier 
lakes the present appellation has been carried back. 

The lake came into existence when the wide water of Lake Iroquois 
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was drained away from the Cayuga Valley. The new-born lake was 
much lower in elevation, or nearer ocean level, and smaller in area, in 
the valley proper, than it is today. Since the iced water of Lake Iroquois 
reluctantly departed the outlet of Cayuga has been lifted 120 feet. 
Hence, the elevation above ocean level of the young lake was 261 
(381 — 120) feet. 

As the post-Iroquois uplift in the Ithaca district has been only 72 
feet, or 48 feet less than at the outlet, it follows that the excess of rise 
at the outlet has produced 48 feet of flooding at the head of the lake 
(261 + 72+ 48 = 381). This implies that the initial Cayuga was 
narrower than it is today in the headward area, but, on the other hand, 
the lake probably extended farther south, like the earlier Cayuga lakes. 
The relative elevation of Lake Iroquois and its depositional work in the 
inlet valley is an interesting complication. 

The closing Iroquois lay in the Ithaca district, 29 feet higher than the 
initial Cayuga (290 — 261 feet; or 410 — 381 feet), but, through 
flooding, the Cayuga level has risen 48 feet, to 19 feet over the Iroquois 
plane. While the later Iroquois had possession of the Cayuga inlet valley, 
some lake deposition occurred. However, the post-Iroquois time, esti- 
mated in tens of thousands of years, must be credited with most of the 
delta plain deposit that has displaced the lake water for one or two miles. 

Probably the organic deposits of the Montezuma marshes have accu- 
mulated during the life of the present Cayuga, which has been bodily 
lifted and slowly expanded while patiently holding its outflow channel 
through the flags and rushes nourished by its own water. 


SUMMARY OF LAKE LEVELS 


The long succession of glacial waters, from Lake Ithaca down to Lake 
Iroquois, have bathed the walls of the Cayuga Valley at all elevations 
from 1,000 feet above sea level at Ithaca down to beneath the present 
Cayuga Lake. The inscriptions made by the more persistent water 
levels are delta plains and terraces and wave-smoothed stretches of the 
shore lines. Wave-built embankments or sand and gravel bars, although 
rare, are of critical value. 

However, none of the lakes preceding the present Cayuga held long 
enough at any fixed level to produce by wave-cutting any conspicuous 
rock cliffs. Vertical cliffs of shale and sandstone are striking features 
along the shores of Cayuga and Seneca lakes. Their practical absence 
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at higher levels on the valley walls may be due, in part, to greater resist- 
ance of the rocks and the more gradual slope of the land surfaces, but 
chiefly to failure of persistent wave work. Yet the greater expanse of 
the higher waters favored wind and wave action. It appears that even 
Newberry, Warren, and Dana waters had existence too brief at any 
plane to compare in duration and operation with that of Cayuga in 
post-Iroquois time. 

Careful examination of the valley walls has not been made; hence, with 
lack of shore line data, dependence for the tabulation of lake levels is 
placed on the evidence of elevations of the lake outlets, the well-developed 
beaches of Warren and Dana in western New York, and for the lakes 
Cayuga on the clear records of the closing Iroquois. 

Comparison of the water levels can properly be made only in a single 
locality, or along some particular isobase of land uplift. For the present 
purpose the southerly reach of the waters, the Ithaca district, is chosen. 

The theoretic elevations are calculated on the basis of two feet per mile 
of northward uplift, which appears to yield a more consistent and har- 
monious result than dependence on the isobases alone. 

For comparison, the elevations are given for the local valley lakes 
which did not reach into the Cayuga Valley. 

It is possible that some small amount of uplift in the southern part 
of the glaciated territory occurred previous to Lake Iroquois time, but 
no proof has yet been found in New York, nor any method for determina- 
tion, of such rise. The figures here given are based on the assumption 
that the uplift has been since the initiation of Lake Iroquois. 

The succession of oscillating waters in the Cayuga Valley, as here 
described, is believed to be in keeping with present knowledge. It can- 
not be more simple or less complex. If greater complexity in the glacial 
history is ever found, it will only add to the series of lakes here recog- 
nized. 

The numerical values for the lake levels are subject to correction, but 
the statement is again pertinent, that the important and interesting ele- 
ment in the history is the succession in time and the approximate vertical 
positions and spacing of the several water levels, rather than the precise 
elevations. Patient and conscientious study of shore line phenomena 
on the walls of the valley will probably secure more accurate figures. 
This paper is an introduction to the fuller history. 

The whole matter is now bequeathed to the writer’s fellow workers 
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at Cornell. And his thought, in particular, is for the students in geology 
who are graduating in 1934. They are of the sixtieth class after the 
writer’s, and possibly some member of the 1934 class will review the 
whole dramatic subject in the year 1994. 


TABLE I.—Present, Uplifted, Lake Levels 


Primitive Lakes at head of Cayuga Valley 
LocaTION ELEVATION NAME ELEVATION 
OF OUTLET OF OUTLET OF LAKE aT ITHACA 
North Spencer......... 1,050 West Danby............ 1,075 
Danby Village......... 1,220 Buttermilk Valley....... 1,234 
1,270 Slaterville I............. 1,270 
ee 1,075 Slaterville II............ 1,080 
1,080 1,085 
Lakes in the Cayuga Valley 
LocaTIOoN ELEVATION NAME ELEVATION 
OF OUTLET OF OUTLET OF LAKE aT ITHACA 
White Church.......... 985 1,000 
Syracuse and east...... 1,100 down | VanuxemI............. 825 down 
ontesuma............ 131* 321 
Syracuse and east...... up to 1,060 | Vanuxem II............ up to 785 
Across Michigan....... 659 795 
Montesuma............ 131* 321 
Montezuma............ 261 to 381 | Cayuga III............. 261 to 381 


Actual * original elevation. 
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INTRODUCTION 


Old maps, made before the American Revolution, show a large bank j 
off the New England coast, extending from Nantucket Shoals to southern 


* Manuscript received by the Secretary of the Society, April 10, 1933. 
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number of bottom samples collected from the area, and to W. A. Ellison, Jr., of the 
Atlantic Coast Fisheries Corporation. for obtaining rock samples from the fishing banks 
and other valuable information concerning them. The senior author was given a grant 
by the Geological Socicety of America to aid in the expenses of drafting and other 
mechanical work in connection with these investigations. 
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Nova Scotia. This bank was formerly called Saint Georges Bank but 
is now known as Georges Bank. This shoal-water fishing ground has 
proved to be less extensive than it was formerly considered to be (Fig. 1). 
It is distinctly bounded about 100 miles south of the Nova Scotia penin- 
sula by a deep channel, which will be referred to as Northeast Trough. 
This trough extends out between Browns Bank and Georges Bank, con- 
necting inside with the deep portions of the Gulf of Maine. Farther 
northeast along the continental shelf a series of discontinuous banks 
culminates in the Grand Banks of Newfoundland. 

All these shoal areas have certain features in common. They are 
found, for the most part, at or near the outer margins of the shelf. Their 
surfaces are hummocky and contain many basin depressions. Their 
higher portions extend within a few fathoms of sea level, and one small 
part of a bank, known as Sable Island, rises above the ocean surface. 
The shoals are elongate in the direction of the prevalent currents. Land- 
ward from the banks there are rather steep descents into water which is 
unusually deep for the continental shelf, exceeding 100 fathoms over 
large areas. Outside the shallowest portion the banks are relatively 
smooth, and the bottom extends to the edge of the continental shelf with- 
out reaching unusual depths. The outer margin of the shelf, at least 
off Georges Bank, is penetrated for short distances by the heads of a series 
of steep-walled submarine canyons which extend down the slopes to depths 
of many thousands of feet. 


RECENT SURVEYS 


During the summer seasons of 1930, 1931, and 1932, the United States 
Coast and Geodetic Survey had a fleet of four vessels engaged in the re- 
charting of Georges Bank, and the senior writer had the privilege of 
accompanying these expeditions on several trips. 

In this work the Coast and Geodetic Survey has accomplished some- 
thing that previously had seemed impossible. The surveyors have been 
able to run closely spaced, accurately located lines of soundings across an 
area well out of sight of land and in an area characterized by fogs and 
strong, variable currents. The method that made this possible includes 
a combination of sound waves and radio signals. ‘Two ships are anchored 
in known positions. The surveying vessels are equipped with bombs 
which are thrown overboard at definite intervals, exploding below the 
surface, and the time between the explosions and the receipt of the sound 
waves by the station ships is measured by a chronograph with an accuracy 
of 1/200th of a second. The sound travels at a uniform rate (varying 
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slightly according to temperatures) so that the interval gives the distance, 
and the arcs give the location. Within about one minute from the time 
of bomb explosion the position of the ships has been marked on the chart. 

The sounding was accomplished by the use of “fathometers,” which 
are echo sounding devices that operate while the vessel is proceeding at 
full speed. The recording of these echo soundings on a dial gives an 
almost continuous record of changes in the sea floor along the line of 
soundings. 

As a result of this work on Georges Bank, charts are available in the 
archives of the Coast and Geodetic Survey at Washington,? showing the 
topography of the Bank with an accuracy comparable to that developed 
by high grade topographic surveys on land. The collection of various 
specimens added more information of a geologic nature, so that the 
present is an appropriate time to consider the problem of the origin of 
the Bank. 


EARLIER OPINIONS CONCERNING THE FISHING BANKS 


Since the middle of the last century some attempt has been made to 
explain the east coast fishing banks. Agassiz? taught that the banks 
consisted, at least superficially, of glacial material, forming a continua- 
tion of the terminal moraine of the New England-Canadian ice sheet. 
The same opinion was held by Shaler * and was advocated more recently 
by Goldthwait.* On the other hand, Thoulet*® came to the conclusicn 
that the banks represented deposits from shore ice. He thought that 
the Grand Banks were due to the meeting of three currents—the Labrador 
Current, the Gulf Stream, and the current coming down the Gulf of Saint 
Lawrence—and that this juncture caused the ice to melt and deposit 
its debris. 

Other writers are of the opinion that the banks are erosional rather 
than depositional. Upham ® considered that they were cut in bedrock 
by streams at the end of the Tertiary. He called attention to the sub- 


1 Soundings on charts generally give only a fraction of those recorded. 

2 Quoted by Warren Upham: The fishing banks between Cape Cod and Newfoundland, 
Am. Journ. Sci., 3rd ser., vol. 47 (1894) p. 127. 

8N. S. Shaler: The geological history of harbors, U. S. Geol. Surv., Ann. Rep. 13, 
pt. 2 (1893) pp. 93-209. 

J. W. Goldthwait: Physiography of Nova Scotia, Geol. Survey Canada Mem. 140 
(1924) pp. 96-97. 

5 J. Thoulet: Considerations sur la Structure et la Genese des Bancs de Terre-Neuve, 
Bull. Soc. Geog., Ze ser., vol. 10 (1889) pp. 203-241 

6 Warren Upham: op. cit., pp. 123-129. 
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aerial character of the submerged topography. D. W. Johnson,’ in the 
most comprehensive and analytical treatment of the banks given with 
the old data, came to conclusions similar to those of Upham. Carrying 
the matter further, Johnson showed the resemblance of Georges Bank 
to continental cuestas and considered that this Bank was a submarine 
continuation of the coastal plain cuestas found to the southwest, the 
“inface” slope being represented by the steep north slope and the “back- 
slope” by the gentle outer slope of the Bank. He attributed the north- 
west-southeast shoals and depressions on top of the Bank to subaerial 
river erosion. The deep portions of the Gulf of Maine he considered to 
be a drowned inner lowland, the product of mature river erosion. 

These hypotheses will be considered in the light of the abundance of 
new information concerning both the topography and the sedimentary 
cover of Georges Bank. The present writers believe that the Bank owes 
its present form largely to glaciation. 


RELATION OF TOPOGRAPHY TO THE PROBLEM 
SHOALS 


The shoals of Georges Bank were one of the main reasons for resurvey- 
ing the area. In the past, vessels have been wrecked in these treacherous 
zones. At present it is not uncommon to see an ocean-going steamer 
sufficiently off its course to come near to these unmarked dangers. 

The trend of the larger shoals (Figs. 2 and 3) is dominantly north- 
west-southeast. However, south of the main shoals there are others of 
less significance that trend northeast-southwest. Some of the latter 
are superimposed directly on top of the northeast-southwest group (Fig. 
3). The maximum elevation of the shoals above the surrounding flat 
portion of the Bank is nearly 150 feet. Between these elevations depres- 
sions extend as far below the surrounding flats as the shoals rise above 
them. 

If this ridge and depression topography were the result of stream ero- 
sion, we might expect the trends to show a branching, or trellis, dendritic 
system converging to the south; also, the base of the depressions might 
be expected to have a more or less continuous outward slope. Since these 
expectations are not realized, the hypothesis must be deemed inadequate. 

If the shoals were due to glacial deposition alone, it is hard to see why 
they should have trends which are at right angles to the supposed glacial 


7D. W. Johnson: New England Acadian shoreline. New York (1925) pp. 264-286. 
Includes a complete bibliography of earlier work. 
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fronts. On the other hand, glacial deposits would be much more sub- 
ject to reshaping by the strong currents that cross the top of the bank 
from northwest to southeast than would the rock ridges assumed by the 
stream erosion hypothesis. 


The currents could have reshaped the till 
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Figure 2.—Topography of Georges Bank 
Based on the recent accurate survey. 


ridges, and they could also have excavated the depressions between the 
shoals, just as the currents have scoured a depression in the entrance to 
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Gate. 


due to a change in direction of the bottom currents. 


The change in trend of ridges to the south may be 


the Vor | 
3 | 
RY | 
pA | 
— 2 
| 


286 SHEPARD, TREFETHEN, COHEE—ORIGIN OF GEORGES BANK 


= 


D 
‘ Fy, 
al ‘ 


a 


22 


NAUTICAL MILES 
TOUR INTERVAL 5 FATHOMS 


Figure 3.—Two trends of shoals on Georges Bank 


Some of the northeast-southwest trending shoals appear to be superimposed on the 
northwest-southeast shoals. Based on the recent accurate survey. 


NORTH SLOPE 


The sharp break in slope at the north side of the Bank is an impressive 
topographic feature (Fig. 4). This slope reaches a maximum height of 
about 1000 feet above the deeps of the Gulf of Maine. It has an average 
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declivity of only about one per cent but is as high as five per cent in some 
places. Such a slope would not be surprising if it occurred at the sea- 
ward edge of the continental shelf, but it is most unusual within the 
borders of a shelf. This infacing escarpment is in marked contrast to 
the continental slope outside Georges Bank in that the former is re- 
markably even in slope, whereas the latter is cut by numerous jagged 
canyons. In following the face of the inner slope the sounding lines 
showed at various places almost no deviation in depth for distances 
of several miles. 

If the slope represented a stream-cut escarpment at the juncture be- 
tween a hard and a soft bed, it should be cut by numerous gullies. Also, 
the base of the slope should show a progressive deepening toward North- 
east Trough. Since neither of these conditions is found, it is evident 
that some other process besides stream erosion has been in operation. 

There is at least one reason to believe that the escarpment is related 
to glaciation. The senior author has studied charts of continental shelves 
from all parts of the world and has found that the only places where there 
are topographic features on the shelves in any way comparable to this 
escarpment are off other glaciated coasts.® 

Glaciation could have produced this escarpment by several methods— 
glacial erosion, glacial deposition, deposition from streams coming out 
from the margin of an ice lobe. A study of the westward continuation 
of the slope gives one clue, which, however, is possibly misleading. As 
shown in Figure 4, the declivity decreases to the west, but the slope is 
still distinct, and it is clear that it turns to the north and extends 
along the outer arm of Cape Cod. The slope off Cape Cod is only 
about half that off Georges Bank, and it is somewhat more irregular. 
Studies of the sea cliffs on the east side of Cape Cod have shown that 
the deposits are glacio-fluvial, and there is said to be evidence that the 
sediments were derived from the east. Therefore, this slope may be, at 
least in part, an ice-contact slope, modified as far as Cape Cod is con- 
cerned by wave erosion. On the other hand, the great height of the 
slope is not at all favorable to the idea that it was built up by glacial 
outwash. Itis almost inconceivable that streams coming out of a melting 
ice lobe could have formed a great mass of material comparable to the 
height of Georges Bank above the Gulf of Maine. Furthermore, as will 


* The critical reader might dispute this statement on the ground that the continental 
shelf off California has various escarpments. These escarpments are, however, much 


higher and steeper. 
®J. B. Woodworth and Edward Wigglesworth: The geology of Cape Cod and adjacent 


islands, to be published shortly by the Harvard Museum of Comparative Zoology. 
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be shown later, there is evidence that the northern portion of the Bank 
has a glacial till covering. 

Glacial moraines attain great thickness on land, so that the elevation 
of the Bank above the Gulf would not necessarily form an objection to 
such a mode of origin. Moraines of New England and eastern Canada 
are, however, very thin; also, the inner slope is not at all comparable 
to the crenulate irregular margin of typical glacial moraines. 

The senior author has attributed other escarpments on the continental 
shelves to glacial erosion,’® although the scarps considered were the 
walls of troughs having distinct glacial aspects. A lobe of ice may have 
scoured the steeper portion of the north slope in moving toward North- 
east Trough, particularly if this slope had been initiated as the steep 
side of a coastal plain cuesta. The ice may have cut away weaker beds 
at the base, leaving this escarpment, which is much higher than any 
of the coastal plain escarpments south of the glaciated tract. Also, the 
ice certainly removed any traces of stream erosion which may have previ- 
ously existed. The gentler slopes, farther west and to the northwest, 
probably did not feel the effects of this ice erosion to such an extent. 
Here, outwash may have built up and modified pre-existent slopes. There- 
fore it seems likely that the north slope of Georges Bank has had a com- 
plex origin, involving initiation by subaerial erosion, modification and 
enlargement by glacial erosion, and a building up by glacial outwash at 
an ice contact. 


SOUTHERN FLATS 


South of the shoals the bottom topography becomes more regular. The 
slope outward toward the shelf margin is not completely graded, but 
it is at least as smooth on the continental shelves as off most unglaciated 
coasts. In some places flat surfaces were found. To the west these flats 
could be traced to some extent up into the shoal areas. An increase 
in declivity is observable at depths ranging from fifty to sixty fathoms. 
The gently sloping area south of the shoals appears to have been free 
from the direct effects of glaciation. It may have been filled in and 
built up by outwash from glaciers that stood on the northern part of the 
Bank. Minor irregularities, such as a depression near the 50-fathom 
line (Fig. 2), are probably the result of barrier beaches formed during 
some stage of low sea level. 


10F. P. Shepard: Glacial troughs of the continental shelves, Jour. Geol., vol. 39 
(1931) pp. 345-360. 
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MARGINAL DEPTHS IN RELATION TO HYPOTHESES OF 
CONTINENTAL TILTING 

There has been a widely expressed opinion that the east coast of North 
America has been tilted down to the north and up to the south. This 
opinion has been based partly on the deep estuaries of the Maine coast. 
The argument does not seem convincing, as it can be shown that there 
are deep estuaries along practically all glaciated coasts, and this despite 
the evidence of postglacial elevation of these same coasts. The depth 
of the bays, like the depth of fiords, is clearly attributable to glacial 
erosion. 

The varying depths of the continental shelf margin have been referred 
to by Johnson * as supporting the tilt hypothesis. In a series of profiles, 
Johnson shows an almost continuous decrease in depth of the margin 
from New England to Florida. This evidence might appear conclusive, 
but the following difficulties should be considered before accepting its 
implications : 

1. It is possible to construct deceptive profiles from the widely spaced 
soundings on the published charts near the shelf margins. 

2. A study of the more detailed soundings of original hydrographic 
sheets in the archives of the Coast and Geodetic Survey shows that the 
margin is at approximately the same depth from Delaware Bay north 
to and including Georges Bank, and Hydrographic Office charts show 
that the same condition exists off Nova Scotia. The only exceptions 
are found where troughs or submarine valleys truncate the outer shelf. 

3. This northern zone shows a steepening of the shelf at about fifty 
fathoms and beyond this, narrow flats at various depths down to as 
much as ninety fathoms, where the sharp break occurs. These charac- 
teristics are so much the same as those for the continental shelves of the 
world in general as to indicate that there has been no recent depression 
of the northern shelf. 

4, The same marginal depths are found off western Florida, indicating 
again that there has been stability since the shelf was formed and making 
it hard to believe that the east side of this flat peninsula has been subject 
to an upwarp of hundreds of feet, such as is implied by Johnson’s profiles. 

5. The shoal margin off Cape Hatteras and vicinity may be due to the 
building up of the continental shelf by prograding. A similar example 
is found at the Mississippi River delta. 

6. The narrowing and shoaling shelf south of Hatteras may be a 
product of erosion by the Gulf Stream, which is flowing with considerable 


1D. W. Johnson: op. cit., pp. 297-300. 
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velocity along this section. The deep outer shelf, known as Blake Pla- 
teau, situated off this coast, may be the erosion remnant of a former 
wide, shallow shelf. 

Evidence against postglacial tilting of the continental margins south 
of the glaciated areas has also been developed by a study of coastal 
terraces. Cooke ?* and Antevs 7° have both contended that terraces pro- 
duced by higher stands of the sea during interglacial epochs are essen- 
tially horizontal along the east coast from Florida to New Jersey. 

Barrell ** expressed the idea that Georges Bank was elevated as a 
result, first, of bulging of the banks zone marginal to the ice sheet, and 
then, by a further uplift as the mainland was freed from ice and rose 
because of relief of burden. Later, the banks should have returned to 
their former position. This uplift would have allowed the waves to cut 
terraces at levels decidedly lower than along the margins in stable areas, 
but there is no evidence of such action. 


RELATION OF SEDIMENTS TO THE PROBLEM 
GENERAL DISTRIBUTION 


In connection with the study of Georges Bank, sediment samples were 
obtained from a variety of sources. Collections made by the Coast and 
Geodetic Survey during the recent charting operations were examined. 
Sediments from earlier surveys were obtained from the National Museum. 
Rock fragments were collected by some of the trawlers of the Atlantic 
Coast Fisheries Corporation and presented to the senior author by W. A. 
Ellison, Jr. Through the courtesy of the director of the United States 
Geological Survey, use was made of an unpublished manuscript on “Sedi- 
ments of the Gulf of Maine,” by W. S. Burbank. Also, the numerous 
notations on the character of the bottom, made during the old surveys 
and shown on the original survey charts, were employed in this study. 

A map (Fig. 5) was constructed to show the approximate distribution 
of sediment types on Georges Bank and vicinity. Hystograms showing 
the mechanical analysis of some samples are shown in Figure 6. Per- 
haps the most striking feature of this map is the abundance of coarse 
material on the Bank and its relation to depth. There appear to be 
three distinct zones of sediment. To the north of the Bank the deep 
floor of the Gulf of Maine is covered with clay-silt sediments containing 


122C, W. Cooke: Correction of coastal terraces, Jour. Geol., vol. 38 (1930) pp. 577- 
589. 

Ernst Antevs: Quaternary marine terraces in non-glacial regions, Am. Jour. Sci., 
5th ser., vol. 17 (1929) pp. 35-49. 

44 J. Barrell: Factors in movements of the strand line and their results in the Pleisto- 
cene and post-Pleistocene, Am. Jour. Sci., 4th ser., vol. 40 (1915), p. 17. 
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considerable proportion of sand and gravel with a decided lack of sort- 
ing. The next zone includes the north slope and the higher portions 
of the Bank. Here, the samples show either coarse sand or a mixture 
of sand and gravel. Within this zone there is no observable relation 
between coarseness and depth, gravel being found even near the base of 
the slope. The third zone to the south consists primarily of coarse sand 
but contains some samples with pebbles. These zones are somewhat 


GLACIAL THA BENEATH SURFACE VENEER 
CONTOURS 


Ficure 5.—Distribution of sediment on Georges Bank 
Showing also the location of “anchor samples.” 


changed on the east side of the Bank, where much more coarse material 
is found, including many boulders, and shells are more abundant than 
to the west. Toward the northeast slope of the Bank the sand bottom is 
reported as becoming scarce, and boulders are more common. In the 
Northeast Trough the bottom is apparently covered with coarse material 
alone, even in depths well over 100 fathoms. 

On the original survey sheets of the Coast Survey there are 696 nota- 
tions of bottom character between the north slope of Georges Bank and 
the continental slope, and between the Northeast Trough and 69° west 
longitude. Of these, 429 are represented as sand, 151 as gravel and 
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pebbles, 115 as shells, and 1 as mud. This surprising indication of an 
almost complete absence of fine sediment on the bottom of this part of 
the shelf has been upheld by the recent survey. 


ANCHOR SAMPLES 


One discovery was made which might appear at first sight to contradict 
the preceding statement. One night when the Oceanographer, with the 
senior author on board, was at anchor on the Bank, there was a 60-mile- 
an-hour blow of short duration. In the morning, when the anchor was 
hoisted, it was found to have a large lump of mud on one fluke. Samples 
taken with the telegraph snapper in the vicinity showed the usual coarse 
sand and gravel. During the Georges Bank survey similar lumps were 
obtained on at least five other occasions. Upon analysis it was found 
that these samples consisted of clay and silt with fairly large proportions 
of sand and gravel, the larger particles being distinctly angular (Table 
1). The lumps, found only on the higher portions of the Bank, resemble 
the samples collected in the deep water north of the Bank. Both probably 
represent glacial till. Petrographically, the sand and gravel of this 
supposed till were found to consist of a large suite of minerals and rocks. 
Minerals in the sand grains include: quartz, feldspar, muscovite, andalu- 
site, augite, biotite, cyanite, garnet, hornblende, hypersthene, iron ox- 
ides, pyrite, rutile, sillimanite, staurolite, titanite, tourmaline, and zircon. 
Small fragments and grains of calcium carbonate made up about four per 
cent of the total, but none of this material consisted of organic remains. 

The absence of this glacial till at the surface is clearly due to the 
scouring action of the strong tidal currents crossing the Bank, which 
have apparently removed the fine material and left the coarse as a sur- 
face residue. The thickness of the top reworked layer is hard to esti- 
mate, but it is interesting to note that it was only the large anchors of 
the Oceanographer, which must be several times as heavy as those of the 
smaller vessels, that penetrated to the till below. 

One lump of mud was found to contain material resembling wood. 
According to J. T. Buchholz, of the University of Illinois, this material 
is probably macerated seaweed. Along with the woody material were 
some delicate stellate hairs similar to those on the leaves of trees. As 
the material was disseminated through the sample, it seems certain that 


18 A similar finding of reworked glacial till is reported from Lake Michigan. See J. L. 
Hough: Suggestion regarding the origin of rock bottom areas in Massachusetts Bay, 
Jour. Sed. Pet., vol. 2 (1932) p. 131. 
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it was actually a constituent rather than something accidentally intro- 
duced after collection. Its origin remains a mystery. 

These till specimens give the most direct evidence that glaciers actu- 
ally extended across the Gulf of Maine and encroached onto the Bank. 


TABLE 1.—Hystograms of samples taken from the anchor of the “Oceanographer” 
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These specimens must have come from beneath the surface veneer of gravel and sand; 
they probably represent true glacial till. 


The confining of the till to the high shoal portions of the Bank suggests 
that these shoals are, at least in part, a true moraine. 
NATURE OF GRAVEL AND BOULDERS 


The finding of an abundance of gravel and boulders as far from land as 
Georges Bank, and even at such depths as those in Northeast Trough, 


XX—Butu. Geox. Soc. Am., Vor. 45, 1934 
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suggests that no ordinary marine sedimentary process has been at work. 
The fish trawlers report that they bring up rocks weighing as much as 
three tons and that their nets are sometimes broken, presumably by still 
larger boulders. 

The gravel and boulders are predominantly crystalline in character. 
Granite and gneiss predominate, and quartzite and felsite are both 
common. Occasional fragments of limestone have been discovered, as 
well as a few specimens of shale of varying degrees of metamorphism. 
Some blocks of limestone and sandstone were reported by Dall ?* as con- 
taining fossils that ranged in age from Cretaceous to Pliocene. An exam- 
ination of the source material, now stored in the Peabody Museum at 
Yale University, showed that it was collected about a hundred years ago, 
and that the labels were not definite as to locality. It seems likely that 
they came from some of the other banks along the east coast that are 
frequented by fishermen. 

The boulders are preponderantly angular in shape, but a considerable 
number are subangular and a few rounded. Many of the boulders had 
flat, polished faces, and at least two were striated. The rounding of 
shallow-water specimens was not noticeably different from that of deep- 
water specimens. A small boulder, found at 1000 fathoms on the con- 
tinental slope, was well rounded. Evidently, some of the rounding has 
not been a product of present conditions. 

The crystalline nature of the rock fragments seems to imply that they 
are not the result of erosion of an underlying cuesta, but that they were 
carried into the area by ice. No doubt, some of this transportation was 
accomplished by icebergs, and possibly by river ice, but the large num- 
ber of boulders in some areas suggests glacial transportation, with deri- 
vation of the crystalline fragments from the crystalline rocks of northern 
New England. 

PETROGRAPHY OF SAND GRAINS 


Sands from various parts of the Bank, studied petrographically, showed 
that quartz makes up from 70 to 80 per cent of the material. Feldspar, 
partially decomposed, constitutes from 20 to 25 per cent, and mica occurs 
in smaller quantities. Heavy minerals vary from 0.5 to 8 per cent, with 
an abundance of hornblende, hypersthene, tourmaline, and sillimanite. 
Staurolite, titanite, augite, andalusite, cyanite, and euhedral zircons are 
also found in smaller quantity. 


16 W. H. Dall: Tertiary fossils off the northeastern coast of North America, Am. Jour. 
Sci., 5th ser., vol. 10 (1925) pp. 213-218. 
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The heavy minerals show some relation to the depth of water, reaching 
@ maximum proportion in the shallow portions and minimum in the 
deeper part of the shelf to the south. This decrease in amount was 
accompanied by a decrease in size from 0.5 to 0.125 millimeter. Biotite 
and muscovite also show a relationship to depth, being abundant around 
the margins of the Bank but absent from the shoal portions except in the 
underlying till. These associations appear to be due to the activity of 
currents and storm waves, which affect the shoal portion of the Bank. 

Several authigenic minerals were found, including glauconite, pyrite, 
and iron oxides. The glauconite is confined to the deeper portions; it 
consists of nodules up to 0.28 millimeter in diameter and of disseminated 
particles. Pyrite was found as nodules and crystals in the underlying 
till and has apparently been altered to limonitic nodules during the 
abrasion of the till that led to the formation of the surface veneer of sand 
and gravel. Small amounts of pyrite were found on the surface near 
the northwest margin of the Bank. 


SHAPE OF SAND GRAINS 


The sands from Georges Bank are, in general, poorly rounded and 
much the same as sand found in the outwash of continental glaciers. 
Specimens from the top of the Bank were much more rounded, possibly 
owing to the greater effect of waves and currents in this portion. 

In general, the heavy minerals are angular, although many of the 
larger ones are well rounded. Samples of subsurface till contained some 
large rounded grains, suggesting that the rounded grains on the surface 
may have been residual rather than the result of recent abrasion. Mac- 
Carthy *” has shown that sand grains require an extremely great amount 
of transportation in order to become rounded. He came to the con- 
clusion that most rounded sands have a long geologic history behind 
them. Also, he thought that local concentration of round grains was 
produced as a result of the faster movement of the angular grains down 
the beach. At least, the rounded zircons and garnets of Georges Bank 
suggest water transportation for a considerable distance—farther than 
would have been expected for sediments carried out by streams from 
the melting ice. It is doubtful whether wave or current action pro- 
duced this effect, in view of the usual angularity of wave-derived sands. 
These minerals may have been picked up by glaciers from formations, 
possibly of Tertiary age, underlying parts of the Gulf of Maine. 


7G. R. MacCarthy: Rounding of beach sands, Am. Jour. Sci., 5th ser., vol. 25 (1933) 
Dp. 205-224, 
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RELATION OF GEORGES BANK TO THE GULF OF MAINE 
TOPOGRAPHY 


According to Johnson,"* the Gulf of Maine owes its shape to the sub- 
mergence of river-eroded valleys. He shows a map with stream channels 
extending along the deeper axes of the Gulf and coalescing to pass through 
the trough northeast of Georges Bank. Certain facts make it difficult 
to accept this explanation. The deeps in the Gulf of Maine have been 
cut far below the outlet of Northeast Trough (Fig. 1). Also, the broad 
trough depressions with depths greater than 100 fathoms are quite unlike 
the topography of the continental shelves off unglaciated coasts and de- 
cidedly comparable with the topography of those off other glaciated coasts. 
These points make it highly probable that glaciation has been an im- 
portant factor in forming the topography. Here, as elsewhere, glacial 
erosion must have followed some sort of pre-existent depressions. These 
depressions may have been cut by rivers in preglacial times, as suggested 
by Johnson, but they must have been filled in during the period of stabil- 
ity that was essential to the forming of the broad east coast continental 
shelf. When the glaciers moved across this shelf, they probably excavated 
along these filled depressions, reshaping them into typical glacial basins 
like the Great Lakes. 

If there was a smoothly sloping continental shelf in preglacial time, 
extending from about the present coast to the edge of the continental 
slope, the erosion by glaciers of the floor of the Gulf of Maine might 
have lowered that area by an amount approximately equivalent to the 
piling up of morainic material onto Georges Bank. An estimate was 
made of the mass of material which would have to be removed to reduce 
Georges Bank to an accordant surface of uniform slope. This amount 
was compared with the amount of fill that would be necessary to bring 
the Gulf of Maine up to the same plane. According to this estimate, 
six times as much material would be needed to fill the Gulf as could be 
provided by the flattening off of the Bank. Therefore, it becomes evi- 
dent that (1) the moraine on Georges Bank does not contain all the 
material excavated from the Gulf; or (2) that before the glacial period the 
Gulf was deeper than practically all present-day continental shelves off 
unglaciated coasts; or (3) that diastrophism has deepened the inner shelf 
either during or since the glacial period. Arguments against the second 
and third possibilities are the absence of similar deeps on any of the 
broad continental shelves off nonglaciated coasts, and also the evidence 


1D. W. Johnson: op. cit., pp. 282-286. 
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that the area is one of stability.1° If the first hypothesis is correct, the 
material might have been carried to the edge of the continental shelf 
and dumped down the slope. This result could have been produced by 
outwash from the glaciers standing on Georges Bank, or, more likely, 
by the glaciers that appear to have drained out of the Gulf of Maine 
through Northeast Trough. Material carried to the edge of the shelf 
would have lodged on the continental slope until it developed sufficient 
volume to slide down into the deeps, perhaps after being disturbed by 
an earthquake. That such slides are still occurring is indicated by 
certain changes in the continental margin that appear to have accom- 
panied the Grand Banks earthquake.”® If large amounts of material 
were dumped over the edge outside of Northeast Trough, the continental 
slope should show less declivity than off adjacent areas, and the base might 
not be as deep. At present there are insufficient soundings to show 
whether or not this condition exists off the trough. 


SEDIMENTS OF THE GULF OF MAINE 


Burbank’s *? studies of the sediments of the Gulf of Maine indicate 
that the deeper portions of the Gulf are covered with fine sediment, mostly 
clay and silt, but contain a moderate amount of sand and gravel. The 
material shows no appreciable degree of sorting. Neither the amount 
of gravel nor its shape or size shows any definite relation to the depth 
of water or to the distance from shore. The ratio of clay to silt in these 
deep samples is not related to the depth of water nor to the total per- 
centage of clay-silt taken together. These peculiar characteristics sug- 
gest that the sediment making up much of the floor of the Gulf was not 
derived through aqueous sedimentation, but is composed of glacial 
deposits, possibly somewhat modified by present marine conditions.” 
This conclusion implies that little deposition has occurred within the 
Gulf since the retreat of the glaciers; also, it rather suggests that the 
ice in the Gulf stagnated or wasted in a body of water which prevented 
glacial streams from depositing glacio-fluvial sediments on top of the 
till. However, certain flat surfaces, like those at the western base of 
the north slope of Georges Bank (Fig. 4), may represent exceptions to 


2 For a discussion of the supposed Fundian Fault along the northwest side of the 
Gulf of Maine see F. P. Shepard: Fundian faults or Fundian glaciers, Bull. Geol. Soe. 
Am.,,vol. 41 (1930) pp. 859-874. 

2 F, P. Shepard: Submarine valleys, Geogr. Rev., vol. 22 (1933) pp. 84-85. 

21W. S. Burbank: Sediments of the Gulf of Maine. Unpublished manuscript in the 
files of the U. S. Geol. Survey. 

22.4 mixture of silt, sand, and gravel may be produced also by two generations of 
sedimentation. Deposits, probably of this nature, were discovered by the senior author 


off the California coast. 
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this condition. These may be deposits in lakes held in between blocks 
of ice or between the ice front and Georges Bank. In one place north 
of the Bank the senior author discovered a surface, eleven miles across, 
that varied in depth between 72 and 73 fathoms and was bordered with 


great irregularities by much deeper water. Unfortunately, no samples 
could be obtained, as the traverse was made during the night on the way 
in to Boston. 


COMPARISON WITH CANADIAN BANKS 
TOPOGRAPHY 


The banks on the outer shelf off the coast of Nova Scotia and Cape 
Breton are similar to Georges Bank (Fig. 1). They are elongated in 
about the same direction, except for Browns Bank which trends in a 
west-northwest direction, and have irregular shoals on their surfaces. They 
are bordered landward by moderately steep slopes and are cut longitu- 
dinally by troughs, which, as in the case of Northeast Trough, extend 
out from deeps that exist on the inner portion of the shelf. Conclusions 
applicable to Georges Bank would apply also to the banks off the Mari- 
time Provinces. 

Beyond Sable Island Bank lies the deep Cabot Strait Trough, and 
to the northeast of this trough the broad submarine plateau off New- 
foundland contains a series of banks known as the Grand Banks, or the 
Great Bank of Newfoundland. The Grand Banks constitute one of the 
world’s most productive sources of fish. The conformation of the New- 
foundland shelf is somewhat different from that of the shelf off New 
England and Nova Scotia. The shoal areas are more extensive, less 
linear, and more irregularly distributed. The deeper portion near shore 
is relatively less extensive, and, except in the Newfoundland fiords, the 
inside depths are not in such striking contrast to those outside. 


SEDIMENTS OF THE CANADIAN BANKS 


Only a few specimens could be obtained from the banks off the Canadian 
coast, but a considerable number of bottom character notations are shown 
on the published charts. Also, the French Fisheries Office has published 
a series of maps showing the bottom character of some of this area.** 
From this material a reconnaissance map of sediment distribution was 
constructed (Fig. 7) which shows points of similarity to the sediment 
map of Georges Bank. The same coarse sediment on the outside shal- 


23 Cartes des Péches de Bancs Neuves. Offices Scientifiques et Techniques des Péches 
Maritimes, Paris (1925). 
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low areas is found, although not so much gravel is reported, and on the 
Grand Banks map there are notations of “mud” bottom. The fine sedi- 
ments in the inner deep portions are called “mud,” and there are only 
a few notations of sand and gravel associated with the fine sediment. 
However, there is evidence to show that some hydrographers use the term 
“mud” for a sample that consists principally of fine sediment, even if it 
contains coarse material as well. Thus, the difference may be merely 
the result of different definition. ‘The rock bottom shown on portions 
of this area may indicate that the sounding lead hit boulders on the 
bottom rather than ledge rock. 


SABLE ISLAND 


The only place where a portion of the series of banks stands above sea 
level is off the coast of Cape Breton, where there is a long sandy island 
called Sable Island. This island has been studied botanically by St. 
John.** In a letter to the senior author he stated that he had covered 
almost every foot of the island, and that he found no sediment except 
sand. It is worth noting that the careful survey of Georges Shoal, which 
is the highest portion of Georges Bank, has shown that the surface is 
also covered with sand, gravel occurring in only one place. The absence 
of pebbles in both places may be due to the grinding action of the waves. 
Sable Island was probably covered by the sea during some of the high 
sea: level interglacial epochs. 

St. John ** states that the flora of Sable Island is related to the 
coastal-plain flora of New Jersey and farther south. It may be that some 
sort of morainic ridge produced a connection by way of Browns Bank, 
Georges Bank, Nantucket Shoals, Nantucket, Martha’s Vineyard, Block 
Island, and Long Island. Such a bridge may have been broken by 
wave erosion and, at Northeast Trough, glacial erosion. It has been 
suggested that this bridge was preglacial,”* but according to St. John,?" 
the plants on Sable Island do not show evidence of “more than a short 
isolation geologically.” The floral evidence apparently does not lead 
to any definite conclusion but to the suggestions that the banks were 
at one time more extensive, thus explaining the distribution of the flora, 
and, as the flora still exists, that the ice did not extend as far out as Sable 
Island during the last glacial epoch. The absence of coarse sediment 
on the island is also favorable to this last hypothesis. 


24 Harold St. John: Sable Island, with a catalogue of its vascular plants, Proc. Boston 
Soc. Nat. Hist., vol. 36 (1921) pp. 1-103. 

2% Harold St. John: op. cit., pp. 45-46. ‘ 

*%D. W. Johnson: op. cit., pp. 302-304. 

2? Harold St. John: personal communication. 
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SUGGESTION REGARDING GLACIAL TRENDS 


In Figure 1 an attempt has been made to show the trends of the 
glaciers that moved out over the continental shelves at the maximum 
of ice extent. In making this map, it was assumed that the glaciers 
moved parallel to the trends of the troughs and transverse to the trends 
of the banks, although it was difficult to say what some of these trends 
were. The data in connection with the Grand Banks (not included on 
the map) were particularly confusing. On the north side of Georges 
Bank and in the Bay of Fundy the trends probably varied, so that two 
sets of arrows have been used. 


CONCLUSIONS 


Georges Bank appears to have had a complex development. The fol- 
lowing sequence of events is thought to represent the facts: 


1. An uplift of the continental margin, resulting in the cutting by 
streams of a large cuesta out of seaward-tilted sedimentary formations. 

2. Submergence of the cuesta and inner lowland, with partial filling 
of the inner lowland. 

3. Advance of glaciers at a much later period, with a scooping out of 
the Gulf of Maine and both steepening and deepening of the north front 
slope of the old cuesta, as well as removing from it all signs of stream 
erosion. 

4, Rising of the glaciers until they spilled over the top of Georges 
Bank and built up its surface into a morainic ridge, which stood at times 
above present sea level. 

5. The building up of the outer part of the continental shelf by sedi- 
ments from streams coming from the melting ice and traversing the 
shelf, which had emerged through the lowering of sea level. 

6. Retreat of the glaciers and rise of sea level, followed by reshaping 
of the morainic ridge by tidal currents. 


Also, the waves and currents are thought to have removed the finer 
material from the glacial till, leaving a surface concentrate of sand and 
gravel. 

It is thought likely that the other fishing banks off the coast of Nova 
Scotia and Cape Breton had the same general origin as Georges Bank. 
Some evidence from the flora of Sable Island suggests that there may 
have been at one time a nearly continuous ridge of morainic material 
standing above water and extending from Sable Island to Long Island. 
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The Grand Banks of Newfoundland may have had the same origin as 
the others, but the evidence is less convincing. Possibly some other influ- 
ences may have been operative in the origin of these more extensive 
banks. 

It is felt that the hypotheses presented above are in need of some 
verification. Sediment cores from the deep area at the base of the north 
wall of Georges Bank might give interesting data. Also, boring into 
the foundation of Sable Island should serve to test some of the con- 
clusions. The nature of the basement of Sable Island might also be 
determined by geophysical prospecting methods. 
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A. THE ST. VRAIN REGION 


View from the top of Taylor Mountain. Twin Sisters is at the extreme left on the skyline. 


B. HORSESHOE VALLEY AND THE MUMMY MOUNTAINS 


View northward from Deer Mountain (Rocky Mountain National Park quadrangle). The 
schist in the Mummy Mountains dips northwest from the Longs Peak granite 
in the valley. 
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INTRODUCTION 


The Longs Peak-St. Vrain batholith is a compound granite mass of 
pre-Cambrian age, which intrudes highly metamorphosed schists and 
gneisses, mostly of sedimentary origin, in the Front Range of the southern 


* Manuscript received by the Secretary of the Society, June 19, 1933. 
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Rocky Mountains in Colorado. It is the purpose of this paper to describe 
the batholith and outline its relationships to the enclosing schists and, 
as far as known, to the other large granite batholiths which make up a 
major part of the great pre-Cambrian mosaic of the Front Range. 

Field work was begun by the senior author in 1921 and 1922 along the 
Big Thompson River valley between the foothills and the continental 
divide. At that time the term “Longs Peak” was applied to the chief 
granite of the area, and the Mount Olympus granite was identified.? 
Intermittent field work from 1924 to 1931 permitted the mapping of 
the Longs Peak part of the batholith and the identification of the adjacent 
large area of granite in the St. Vrain region. The authors spent the 
field season of 1932 in the Front Range and completed the study here 
presented.® 

To the department of geology of the Colorado School of Mines at Golden, 
and to the department of geology of the University of Wisconsin, grateful 
thanks are extended for the use of laboratories and equipment in making 
the necessary petrographic and mineralogic studies in 1931 and 1932 
respectively. Special thanks are due A. N. Winchell, of the University 
of Wisconsin, for critical reading of the manuscript. T. S. Lovering, 
of the United States Geological Survey, kindly furnished data on the 
area near the southern border of the batholith, as well as many helpful 
criticisms of the manuscript. 


GENERAL PRE-CAMBRIAN GEOLOGY OF THE FRONT RANGE 


The Front Range is a mosaic, chiefly of pre-Cambrian rocks (Fig. 1). 
The oldest observed series of these rocks is widespread in outcrops and 
consists of schist and gneiss, mostly of sedimentary origin, with local 
lime silicate rocks probably of igneous origin. 

Early geological studies of the older pre-Cambrian rocks recognized 
an Archean series of schists and gneisses and some later quartzites and 
quartz schists referred to the Algonkian.* Recent detailed studies of the 
quartzites and the quartz schists have revealed their conformable relations 


1 This is one of several papers which will deal with the pre-Cambrian granites of the 
Front Range. See Bull, Geol. Soc, Am., vol, 43 (1932) p. 170. 

2M. B. Fuller (M. F. Boos): General features of pre-Cambrian structure along the 
Big Thompson River valley, Colorado, Jour. Geol., vol. 32 (1924) p. 52. 

8 Field and laboratory studies were assisted by a grant-in-aid to the senior author 
from the National Research Council in 1932. 

#C. R. Van Hise and C, K. Leith: Pre-Cambrian geology of North America, U. 8. Geol. 
Survey Bull. 360 (1909) p. 827. 
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Figure 1.—General outlines of the pre-Cambrian granite batholiths of the Front Range 

Geology from authors’ field notes, published papers of the United States Geological 
Survey, and unpublished notes on the Cripple Creek and the Pikes Peak granites through 
the courtesy of T. S. Lovering. 
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to the older schists and gneisses.5 Whether they should all be designated 
as Archean or all as Algonkian is not now known. 

The term “Idaho Springs” has been applied to the oldest pre-Cambrian 
formations observed in the central part of the Front Range in the George- 
town region of Colorado.® Farther north the Big Thompson schist * 
and, to the east, the Coal Creek and the Ralston formations have been 
identified as of sedimentary origin.® At many other places the sedi- 
mentary origin of ancient schists and gneisses has been recognized, but 
little has been done to work out the story. Nowhere in the vast body of 
schist and gneiss have well defined unconformities been recognized and 
formations been separated stratigraphically. It is believed, however, that 
future regional studies may find a basis for differentiation into several 
formations at many places in the Front Range. 

As the great body of pre-Cambrian sedimentary schists and gneisses 
is not subdivided, and the time relationships of outcrops from place to 
place in the Front Range are still unknown, the record of pre-Cambrian 
events is best read from the sequence of major intrusions. These overlap 
geographically, so that their order has been determined. 

The oldest observed intrusive rock is a gray granite and gneissoid 
granite that crops out widely on Boulder Creek on the eastern flank of the 
Front Range west and southwest of Boulder, Colorado, and is known 
as the Boulder Creek granite-gneiss. It appears to be of the same age as 
the Archean quartz monzonite and associated rocks of the Georgetown 
region.® Several small bodies of the same gray granite have been iden- 
tified in the northern part of the Front Range in Colorado and on the 
western slope. In the Boulder region the gray granite intrudes the Coal 
Creek quartzite, the Ralston formation, and the schist on its northern and 
western borders. Its metamorphic aureole in the adjacent schist is exten- 
sive and has a marked individuality, but it is much overlapped and 
obscured by the effects of later metamorphism from adjacent younger 
pre-Cambrian batholiths on the north. 

In the Georgetown region the Archean quartz monzonite equivalent 
of the Boulder Creek granite is intruded by the Pikes Peak (Rosalie) 


5M. B. Fuller (M. F. Boos) : Contact metamorphism in the Big Thompson schist of 
northern Colorado, Am. Jour. Sci., 5th ser., vol. 11 (1926) pp. 194-200; T. S. Lovering: 
Geologic history of the Front Range, Colorado, Proc. Colorado Sci. Soc., vol. 12, no. 4 
(1929) p. 73; Joseph Adler: Geologic relations of the Coal Creek quartzite in Colorado, 
unpublished thesis, Univ. Chicago, 1980. 

¢§. H. Ball, J. E. Spurr, and G. H. Garrey: Economic geology of the Georgetown quad- 
rangle, Colorado, U. S. Geol. Survey Prof. Pap. 63 (1908) pp. 27-66. 

7M. B. Fuller: op. cit., p. 197. 

8 Joseph Adler: op. cit., p. 31. 

®°T. S. Lovering: personal communication. 
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granite, showing that the Pikes Peak granite is, in the main, younger 
than the Boulder granite and the quartz monzonite. 

The Sherman granite is the chief batholithic rock of the Front Range 
in Wyoming *° and in extreme northern Colorado. The Sherman granite 
is much like the Pikes Peak granite; in mode of weathering, appearance 
of fresh outcrops, and in thin sections, they are nearly identical. At no 
place, however, are they known by the authors to be in contact. Both the 
Pikes Peak and the Sherman granites are intruded by the same younger 
granites. It is believed that the Pikes Peak granite in the southern part 
of the range and the Sherman granite at the north are approximately 
contemporaneous. 

The Silver Plume granite is the youngest pre-Cambrian granite in the 
Front Range. It was named for the village of Silver Plume in the 
Georgetown region west of Denver, where the Silver Plume batholith is 
widely unroofed on both sides of the continental divide. At the south, 
in the Cripple Creek region, it intrudes the Pikes Peak granite and is 
called the Cripple Creek granite. At the southwest, in the Kenosha Pass 
region, it cuts the Boulder Creek granite. Another major area of the 
Silver Plume type of granite is the compound batholith that is the subject 
of this paper. Along the southern margin of the Longs Peak-St. Vrain 
batholith the granite cuts across the Boulder gray granite-gneiss and an 
isolated mass of the Pikes Peak granite. An extensive granite batholith 
of the Silver Plume type intrudes schists and gneisses in the Cache 
la Poudre region and locally cuts across the Sherman granite. 

The intrusion of the Silver Plume type of granite appears to have 
been the latest major igneous activity of the pre-Cambrian in the Front 
Range. As it is nowhere overlain or intruded by pre-Cambrian rocks 
of distinctly later age, it marks the end of the cycle of pre-Cambrian 
vulcanism in the Front Range. 


LOCATION AND AREAL FEATURES OF THE LONGS PEAK- 
ST. VRAIN BATHOLITH 


The Longs Peak-St. Vrain batholith crops out with markedly irregular 
margin over about 230 square miles of Boulder, Larimer, and Grand 
counties in Colorado (Fig. 2). Including areas still covered with the 
roof, large roof pendants, and exposed xenoliths, the batholith occupies 
from 300 to 350 square miles of the Front Range and extends an unknown 
distance under the overlapping Paleozoic sedimentary beds of the foot- 


2S. H. Knight: oral communication. 
1 §. H. Ball, J. E. Spurr, and G. H. Garrey: op. cit., p. 58. 
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hills. The main area of exposure is east of the continental divide in the 
territory covered by Mount Olympus, Boulder, and Rocky Mountain 
National Park topographic maps. 

There are two main adjoining centers of intrusion. At the east, one 
center is widely exposed over the drainage basin of the North, Middle, 
and South St. Vrain rivers, and at the west the other is partially unroofed 
in the Longs Peak-Estes Park area. The two areas are one, petro- 
graphically and structurally, but are somewhat separated areally by the 
Twin Sisters-Roderick Hill area of schist. 

The batholith, as a whole, has little individual topographic expression, 
the granite having about the same resistance as the enclosing schist and 
gneiss. Accordance of summit levels, across both schist and granite, dates 
from three partial peneplanations ** (Pl. 25, A). There are excellent 
vertical sections of the batholith and exposures of part of its roof on the 
walls of the great cirques fringing the continental divide. Recent erosion 
has unroofed clusters of stocks on the uplands near the northern and 
western margins of the batholith. The Needles near Estes Park and the 
Tronclads near Allen’s Park exhibit characteristic stock topography. 
Longs Peak marks a somewhat individual minor batholithic intrusion, 
which is topographically outstanding, but structurally is a part of the 
whole compound batholith. 


RELATIONS OF THE BATHOLITH TO THE SURROUNDING 
ROCKS 


Detailed field studies have supplied much information concerning the 
relations of the batholith to the surrounding schists and granites. On 
three sides the batholith is intruded into, and enclosed by, a vast area 
of schist which was originally dominantly thin-bedded shales and shaly 
sandstones, with occasional beds of limestone and conglomerate. This 
metasedimentary rock has been called the Big Thompson schist, a name 
derived from the river that traverses the batholith and its bordering 
rocks, exposing excellent sections from the continental divide to the 
foothills.** 

Various methods of intrusion have placed the batholith in its present 
position with reference to its surroundings. There were two chief methods 
of invasion: (1) stoping and assimilation of the invaded territory; 
(2) lateral spreading and lit-par-lit injection of the adjacent and over- 


1227. S. Lovering: op. cit., p. 73. 
13M. B. Fuller (M. F. Boos) : General features of pre-Cambrian structure along the 
Big Thompson River valley, Colorado, Jour. Geol., vol. 32 (1924) p. 52. 
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lying beds, with local folding and tilting. It will be shown that the second 
method was the more active and successful. 


SCHIST AND OLDER GRANITES AT THE SOUTH 


Along its southern boundary the magma broke through massive, firmly 
crystalline Boulder Creek granite, a small area of Pikes Peak granite, and 
thoroughly indurated schist and gneiss (Fig. 2). There are few apophysal 
dikes extending from the batholith into these rocks. There is nothing to 
indicate that the batholith underlies any of the rocks beyond its southern 
margin. Contacts are abrupt and sharp, fairly straight, and probably 
extend vertically to considerable depths. The southern margin of the 
Longs Peak-St. Vrain batholith was established chiefly by abrupt dislo- 
cation and by stoping of the Boulder Creek granite and associated rocks. 
Apparently, the invading magma made little headway into the territory 
of the massive Boulder granite batholith and the highly metamorphosed 
aureole of schist about its northern border. 


METAMORPHIC AUREOLE AT THE WEST, NORTHWEST, AND NORTH 


At the southwest the granite pinches out horizontally along thin dikes 
and sills into the thick beds of schist. The schist is regularly and evenly 
bedded and dips consistently to the east at an angle of about 10°, flatten- 
ing out and interfingering with the granite at the margin of the batholith. 
In the widespread lit-par-lit injection of the great blanket of sedimentary 
rock along the margin of the batholith, a mixed zone was created a mile 
or more in extent horizontally and 1000 to 2000 feet thick, in which there 
is little brecciation of the schist. The beds were spread apart and wedged 
open locally to accommodate the invading magma as its juices spread 
into and through the schist for a long distance from the immediate contact. 

In the schist-granite contact zone the margin of the batholith is com- 
plicated and interrupted by large stocks and numerous dikes of Tertiary 
(Eocene) porphyries and related rocks, which occupy a considerable 
extent of territory. If there are buried stocks of pre-Cambrian granite 
along the southwestern margin of the Longs Peak-St. Vrain batholith, 
the outlines are not reflected in the schist above them within the sections 
exposed at the surface. 

It appears that there is little or none of the batholith under the con- 
tinental divide from the Arapaho Peaks northward to Mount Copeland. 
Cirques, 2000 to 3000 feet deep, along the continental divide are cut 
entirely in the schist and show little indication of any subjacent granite. 
Southwest of Ward a stock of pre-Cambrian granite is exposed in cross- 


is 
4 


RELATIONS OF THE BATHOLITH TO SURROUNDING ROCKS 311 


section on the eastward-facing cirque walls. The stock is partially cov- 
ered with schist, which arches over the granite summit, making a well 
defined roof and side walls. 

On the west and north there was no great area of crystalline rock 
against which the invading magma had to make its way. As the magma 
worked its way upwards and spread out, fissile shales and sandstones 
permitted lit-par-lit injection, lateral spreading of vast sills, and gentle 
folding with local mashing and shearing. 

Little of the Longs Peak-St. Vrain batholith shows at the surface on 
the western slope of the Front Range. The country rock is a schist 
derived from shales and sandstones, originally of fine texture. In general, 
the schistosity parallels the original bedding of the sedimentary rocks. 
The schist is nearly horizontal along the continental divide, but to the 
west and northwest the dips show increasing steepness; angles of dip 
increase to 15°, 20°, and even 40° around Grand Lake. From Fall 
River Pass to Monarch Lake the strike of the schist is remarkably con- 
stant, ranging from 30° to 60° east of north. The schist on the western 
slope of the range generally dips to the northwest away from the Longs 
Peak-St. Vrain batholith. 

In addition to the widespread metamorphism impressed on the country 
rock by the Longs Peak-St. Vrain batholith and the orogenic movements 
which accompanied its intrusion, there are several overlapping meta- 
morphic aureoles from minor bodies of granite to the south and southwest. 
These intrusions spread their somewhat limited influence across the rocks 
of the western slope and have partly obscured the individuality of the 
primary, and most important, metamorphism imposed by the Longs 
Peak-St. Vrain batholith. The result is a marked diversity of the schist, 
none of it being related to any one batholith or to any one original char- 
acter of the rock, but compounded of all the influences, both dynamic 
and contact. 

At the northwest the batholith and contiguous schist are cut by abundant 
graphic granite and aplite dikes. Several bodies of the satellitic Mount 
Olympus granite intrude both schist and Longs Peak granite. In general, 
the schist dips at a low angle to the west, away from the granite, but 
angles increase in steepness so that four or five miles west along the 
Colorado River valley the schist is vertical or locally overturned. 


CONTACTS WITH SCHIST AT THE NORTH 


At the north the batholith is everywhere enclosed by a widespread 
blanket of schist. Thick, far-reaching sills of granite and pegmatite pen- 
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etrate the schist and gneiss for several miles from the batholith. Excellent 
vertical sections of the boundary area are exposed on the southward-facing 
cliffs of the Mummy Mountains in Rocky Mountain National Park 
(Pl. 25,B). Aplites and tourmaline-bearing pegmatites are concentrated 
in the schist next to the batholith. Locally, dikes of the Mount Olympus 
granite cut, with sharp outlines, both granite and schist. 

Many stocks and domelike protrusions of granite are clustered near the 
northern part of the batholith. As they are only partly uncovered, the 
trace of the granite-schist contact is irregular. The schist dips away 
from the batholith everywhere at a low angle. There is no sign that the 
granite underlies the schist of the Cache la Poudre region at the north. 
The northern limit of granite outcrops is the true margin of the Longs 
Peak-St. Vrain batholith. 


CONTACT METAMORPHIC ZONES IN THE BIG THOMPSON SCHIST 
AT THE NORTHEAST 


At the northeast there are distinct zones in the schist bordering the 
granite.** Adjacent to the batholith is a zone, five to six miles wide, of 
biotite sillimanite schist, minutely injected and laced by granite and 
pegmatite dikes and sills. This zone grades eastward into quartz biotite 
and chlorite schist of more massive appearance. Lit-par-lit injection is 
lacking, but many tourmaline pegmatite dikes occur in the schist. Further 
gradation to the east leads into the zone of quartz and quartz-mica schist 
lying next to the foothills. Dikes and sills are few and massive. A notable 
feature of the outermost contact zone is the widespread occurrence of 
small tourmaline crystals oriented across the schistosity of the quartz 
schist. Apparently, the influence of heat and pressure at great depths 
permitted the fluids from the magma to travel many miles away from 
the main part of the batholith into the schist around it. 


UNCONFORMABLE CONTACT WITH FOOTHILL BEDS AT THE EAST 


At the east the batholith is overlapped by the Paleozoic sedimentary 
formations of the foothills of the Front Range. The eastern and south- 
eastern limits of the granite can only be conjectured. In a few places, 
as at Brackett Gulch, the granite fingers out into eastward-dipping beds 
of schist in much the same way that the granite pinches out into the 
schist at the west, and local masses of Mount Olympus granite occur in 
the schist. This suggests that the margin of the batholith may lie not far 


4M. B. Fuller (M. F. Boos) : Contact metamorphism in the Big Thompson schist of 
northern Colorado, Am. Jour. Sci., 5th ser., vol. 11 (1926) pp. 194-200. 
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to the east, under the foothills. In most places, however, the coarse granite 
of the batholith extends under the foothills with little show of marginal 
features. Drill holes which penetrate the basal Paleozoic (Fountain) 
near Lyons are bottomed in the coarse granite. 

In general, the batholith is in‘abrupt contact with the older crystalline 
rocks along its southern margin, but has a penetrative and interfingering 
contact with the schist and gneiss along the western and northern margins, 
an interfingering contact with the schist at the northeast along distinct 
metamorphic zones, and an unconformable contact with younger sedi- 
mentary rocks at the east under the foothills. 


ROOF, ROOF PENDANTS, AND INCLUSIONS 


In the Longs Peak-Estes Park area the rise and spread of the magma 
into fissile and easily displaced country rock warped the beds locally into 
broad anticlines and synclines. Uneroded parts of these structures overlie 
the irregular top of the batholith in several places.t*> The domelike stocks 
of the Needles, Oldman Mountain, and Prospect Mountain have patches 
of schist on the flanks dipping away from the summits. Giant-track 
Mountain is an asymmetrical syncline of schist, striking nearly north- 
south and branching at the north into two troughs, one of which extends 
northwestward and the other eastward under the Estes Park valley. On 
the western side of Giant-track a transition zone, 500 feet thick, occurs 
between the coarse crystalline granite at the base and the dense black 
schist with massive pegmatite sills at the summit. 

At the north and northwest the topography across the outcrops of 
granite approximately outlines the original summit of the batholith. 
Valleys are mostly in the schist, and divides are bald, knoblike granite 
stocks and thumbs. Locally, small dense crystalline xenoliths are em- 
bedded in the granite; they have sharp boundaries against the granite, 
showing little assimilation. The schist was injected by pegmatite, recrys- 
tallized, and completely altered before it sank into the magma below. 

The nearly perpendicular walls of the cirques along the continental 
divide north and west of Longs Peak and in the Mummy Mountains 
expose vertically 3000 to 3500 feet of the roof and upper part of the 
batholith. There is a gradation from granite at the base to schist at 
the top. The tops of the peaks and the upper walls of the cirques are 
massive schist and gneiss, with rare local dikes of pegmatite and aplite 
(Pl. 26, A) ; the next 500 to 1000 feet below are thin, almost horizontal 


15M. B. Fuller (M. F. Boos) : General features of pre-Cambrian structure along the 
Big Thompson River valley, Colorado, Jour. Geol., vol. 32 (1924) pp. 49-63. 
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layers of schist separating thick sills of granite (Pl. 26, B) ; and the lower 
1000 to 1500 feet of walls and floor show coarse massive granite with little 
schist (Pl. 27, A). The intrusion of the magma and its lateral spread by 
lit-par-lit injection did little to alter the original position of the schist. 
Dips are low, and individual layers of schist show little crumpling or 
crosscutting granite for long distances. 

The Twin Sisters-Roderick Hill area of schist is structurally a down- 
warped part of the roof. At its southern end it exhibits a massive pendant 
from which the adjacent schist has been removed by magmatic stoping. 
West of Twin Sisters the gradual change in rock from granite below 
to schist roof above is like the transition from batholith to roof along 
the continental divide. The schist dips to the east about 20° on the 
western face of Twin Sisters and to the west at a smaller angle on the 
eastern side at Hermit Park. The Giant-track syncline and the broad 
trough of the Twin Sisters ridge separate the Longs Peak and the St. Vrain 
parts of the compound batholith. At the north end of Roderick Hill 
the schist is horizontal, but at the south it is broken into partly stoped 
and foundered blocks. 

In the St. Vrain region little of the roof remains, and broad, continuous 
outcrops of granite extend for miles. Embedded in the granite are small 
inclusions of schist but no large pendants or parts of the roof, probably 
because of the more complete stoping and foundering of the schist in the 
southern part of the batholith, as well as a deeper erosion of the batholith. 
A local exception is at Taylor Mountain, where a zone of delicately banded 
gneiss lies above the coarser granite. The schist, if projected eastward, 
would cover the gneiss. The delicate banding of the gneiss is believed 
to be a residual structure of the schist, faded out by assimilation into 
the granite. 


STRUCTURE OF THE BATHOLITH 


PERIPHERAL ZONE 


From margin to margin across the batholith there is little variation 
in the granite. No zone of basic differentiate borders the large areas of 
granite, and except for textural variations, it is strikingly uniform. Cer- 
tain features distinguish the exposed regions: (1) There is little or no 
segregation of basic minerals near the roof or sides; (2) no pre-Cambrian 
veins, either metalliferous or nonmetalliferous, occur in the granite; and 
(3) the granite contains little pegmatite, aplite, or runite, but there is 
a great concentration of diaschistic products in the surrounding schist. 
It will be noted that these features are the opposites of those commonly 
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A. SUMMIT OF HALLETS PEAK 


The upper 500 feet of the mountain show black biotite—sillimanite schist and gneiss cut by 
rare pegmatite dikes. 


B. OTIS PEAK ABOVE ANDREWS LAKE 
Shows lit-par-lit injection of granite and pegmatite. 
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A. GLACIER GORGE 


Granite walls and floor as seen from the Keyhole on Longs Peak. A westward extension of 
the Longs Peak intrusion carries the granite to the summit of Mount McHenry. 


B. LONGS PEAK GRANITE 
Orbicular structures in the granite at Estes Park. 
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ascribed to border facies of many batholiths. There are several possible 
reasons for the apparent lack of differentiation and zoning. (1) The 
batholith may be so deeply eroded that the border facies are gone, and 
only the interior of the batholith is exposed. This is unlikely here, for, 
locally, areas of the roof remain in place. (2) The peripheral zone may 
be thin and confined to a few hundred feet of mixed schist, gneiss, and 
contaminated granite, locally overlying the typical granite of the batho- 
lith. The discontinuous character of the mixed zone, together with its 
small extent compared to the total area of the granite, makes it unlikely 
that it is the true peripheral area, or “hood,” of the batholith® (3) The 
compound batholith is little eroded below the level of its roof. Prac- 
tically all the exposed granite may be included in the peripheral zone, 
or hood, and little of the interior of the batholith may be visible. 

The acidity of the granite in the peripheral zone does not seem to be 
the result of assimilation of acid wall and roof rock. On the contrary, 
the schist seems to have absorbed, and re-acted with, great volumes of 
fluids from the magma. The lack of veins and pegmatite dikes in the 
batholith and the absence of differentiation within the Longs Peak 
granite are related to the mechanics of batholith intrusion. Near the 
roof and the large inclusions of schist, the granite is slightly finer grained, 
and an abundance of fine-grained granite dikes cut the coarse-textured 
granite. 

STRUCTURES IN THE LONGS PEAK-ESTES PARK REGION 


Clusters of stocks are grouped about the borders of the larger granite 
outcrops. The bald, spalled-off domes of the Needles and the Ironclads 
are thickly spotted with orbicular masses of granite (Pl. 27, B). Biotite 
and magnetite are concentrated in irregularly spaced shells which enclose 
normal-textured granite. The tabular feldspars have haphazard to radial 
arrangement about the stocks, and sheeting and platy parting are parallel 
to the original surface of the granite in the stocks. Between the stocks 
the granite is conspicuously parted at a low angle but rarely shows 
orbicular structure, and away from the stocks the granite shows trachytic 
structure, with the tabular feldspars in general aligned north-south to 
north 30° east over large areas. 

The Longs Peak-St. Vrain batholith is compounded of several contig- 
uous and confluent centers of intrusion of the same magma. Along the 
western border of the batholith, separate centers of intrusion have been 
recognized where they show in cross-section. At Longs Peak the granite 


16 W. H. Emmons: The basal regions of granitic batholiths, Jour. Geol., vol. 41 (1933) 
p. 2. 
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occupies the heart of the mountain and fingers out on all sides into the 
schist. The schist is mostly in wedges, with the thin edge towards the 
center of the intrusion and tilted downward into it. The alternation of 
schist layers and granite sills related to the massive core marks the “pine 
tree” type of intrusion (Pls. 28 and 29, A). 

A few partly unroofed stocks of granite show in the cirques of the 
valleys west of the continental divide (Fig. 3). The Bench Lake stock, 
which has a sharp contact with rare apophyses into the schist enclosing 
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Figure 3.—Bench Lake stock of granite 


Sketch to show its relationship to the schist and to the topography. View is northward 
from the 11,500-foot level on the northwest spur of Taylor Peak. 


its summit, broadens with depth and merges with the westward extension 
of the Longs Peak intrusion. There is a stock of considerable size on the 
East Inlet, but its relations to the schist have not been determined. 

North and east of Estes Park village the Needles and adjacent parts of 
the Mummy Mountains constitute a somewhat distinct intrusion which 
has a markedly irregular summit (Pl. 29, B). 


STRUCTURES IN THE ST. VRAIN REGION 


In the St. Vrain region, platy parting of the granite is common, but 
conspicuous clusters of stocks and orbicular textures are rare. Separate 
centers of intrusion have not been identified, but the local anomalous 
arrangements of the tabular feldspars may be related to the centers of 
confluent intrusions. Data on dips and strikes of the “stretching” and 
other primary structures of the granite are too incomplete and too lacking 
in detail to warrant many conclusions. It appears, however, that over 
the batholith as a whole the tabular feldspars trend north-south or north- 
east-southwest, with the plane of parallelism dipping at a high angle. 
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A. DETAIL OF CHASM WALL ON LONGS PEAK 


B. ESTES PARK 
Looking across the synclinal valley to the granite stocks of the Needles and Mount McGregor. 
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In general, the area seems to have suffered compression from the south- 
east, with an attendant movement of the magma to the north and west 
during its intrusion. The great accumulation of tourmaline-bearing 
pegmatites in the schist bordering the batholith on the north and north- 
east suggests that the volatile products were forced out of the partly 
crystallized magma into the enclosing schist by orogenic compulsion 
driving from the south and east. 

In view of the widespread indications of lateral spreading and the 
prominent part that lit-par-lit invasion played in relating the batholith 
to its surroundings, it is believed that the intrusion was accomplished in 
the manner described by Chamberlin and Link in advancing the theory 
of laterally spreading batholiths.‘7 The magma came up along the zone 
of weakness in the schist bordering the northern edge of the Boulder 
granite mass, and, partly by stoping and partly by lateral spread, moved 
diagonally northward and westward. Simultaneous conduits opened in 
the Longs Peak-Estes Park regions and the magma, driven by compres- 
sion from the southeast, spread northward and westward into the fissile 
sedimentary rocks. All the intrusions were nearly simultaneous and 
contiguous with the products of crystallization welded along their margins. 


THE INTERIOR 


In the Longs Peak-Estes Park region little or no granite that might 
belong to the core of the batholith has been recognized. Since the general 
movement of the magma was from the south and east towards the north, 
the southernmost outcrops of the batholith probably are of the more deep- 
seated granite. In the St. Vrain region, erosion has cut deeper into the 
granite than elsewhere, and at least two facies are revealed. A coarse red 
granite that lacks parallel orientation of the feldspars is exposed locally 
in the St. Vrain region. It is intruded by the common coarse gray to 
flesh-colored Longs Peak granite. The red granite is not a foreign 
inclusion engulfed by the rising magma, but is an integral part of the 
batholith and cognate with the granites about it. It appears to be the 
most deep-seated granite. Moore ** has described two-granite batholiths 
from the Canadian regions and from Sweden, in which the gray granite 
is older than the red. The Longs Peak-St. Vrain batholith is also a 
two-granite batholith, but the red granite is clearly older than the gray. 


17R, T., Chamberlin and T. A. Link: Theory of laterally spreading batholiths, Jour. 
Geol., vol. 85 (1927) pp. 347-352. 

18K. S. Moore: 7wo-granite batholiths, Trans. Roy. Soc. Canada, ser. 3, vol. 24 (1930) 
pp. 133-136. 
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FAULTS 


Within the area of the batholith, low-angle faults are prominent. On 
Longs Peak a thrust plane dips south at about 10° and has a second low- 
angle plane intersecting it. Movements along both planes united to thrust 
the top of the peak several hundred feet to the north. The slickensided 
surface of the second plane locally floors the trail to the summit of the 
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Fieurs 4.—Longs Peak-St. Vrain batholith and major faults of the vicinity 


Sketch map to show the relations. Solid lines are known faults; broken lines are 
inferred faults. 


mountain on the western side. These faults are in harmony with the 
thrust from the south that accompanied the intrusion of the magma, and 
they probably mark the continuance of shearing after crystallization of 
the granite had taken place. There are in the granite many nearly vertical 
faults related to tension that followed the crystallization and to subsequent 
warpings. 
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The eastern part of the batholith has been locally tilted and dislocated 
by faulting during Mesozoic and Recent times along the western margin 
of the Front Range. The faults are en echelon, involve the foothill beds, 
and extend several miles into the granite and schist (Fig. 4). At the 
extreme west the nearly vertical schist and locally overturned beds prob- 
ably resulted from a long north-south fault along the course of the Colo- 
rado River valley near Grand Lake. On the west and east the batholith 
is blocked in by extensive faults of rather recent date, which are localized 
around the outlines of that massive crystalline body. 


PETROLOGY AND PETROGRAPHY 
PETROLOGY OF THE TYPICAL LONGS PEAK GRANITE 


The typical granite of the Longs Peak-St. Vrain batholith is a moder- 
ately coarse-grained, commonly porphyritic flesh-colored to gray rock 
(Pl. 30, A). Rectangular, much embayed, pinkish Carlsbad twins of 
microcline and/or orthoclase, which average one to two centimeters long 
and six to seven millimeters wide, lie in subparallel ranks, with the long 
axes oriented alike. Patches and stringers of light bluish-gray quartz, 
fresh biotite and muscovite, and small feldspar crystals alternate with, and 
are interstitial among, the large phenocrysts. In the early studies of the 
region the name “Longs Peak” was given to this granite.1* Recent exam- 
ination of the range has shown that the granites of the Longs Peak- 
St. Vrain batholith, of the Silver Plume batholith, and of the Cripple 
Creek batholith are much alike in field relationships and in appearance. 
Petrographic descriptions of the Cripple Creek granite fit the Silver 
Plume and the Longs Peak granites equally well.” S. H. Ball tentatively 
correlated the Silver Plume and the Cripple Creek granites.** Judged 
by field evidence, by petrographic similarity, and by their heavy accessory 
minerals, the granites of the three batholiths are much alike. Although 
the name, “Silver Plume,” is widespread in the literature, the name, 
“Cripple Creek,” has priority in any designation of type. The designa- 
tions, “Silver Plume” and “Longs Peak,” are retained for the local batho- 
liths, but the phrase, “Cripple Creek type,” refers to the granite character- 
istic of the three batholiths. 

Two analyses of the typical Longs Peak granite from widely separated 
parts of the batholith are given in Table I. A is taken from the heart 
of the intrusion on the western slope of Longs Peak about 500 feet below 


19M. B. Fuller (M. F. Boos) : op. cit., p. 52. 

2” W. D. Mathews: The granitic rocks of the Pikes Peak quadrangle, Jour. Geol., vol. 8 
(1900) pp. 214-240. 

2 J, E. Spurr, G. H. Garrey, and S. H. Ball: op. cit., p. 60. 
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the summit, and B comes from the southwestern part of the St. Vrain 
region in the fresh exposure near the junction of Middle St. Vrain and 
Allens Park highways. Figure 5 gives the Rosival counts of minerals 


TaBLe I.—Chemical analyses of the granites of the Longs Peak-St. Vrain batholith 
and the Silver Plume batholith 


A B Cc D 
ss 71.14 70.85 71.40 67.38 
er 16.00 15.14 16.34 15.22 
-00 .65 15 1.49 
13 .64 31 1.12 
ee 3.74 6.09 3.24 5.41 
.50 77 22 .39 
.03 .09 18 
01 .02 02 .04 
98.90 99.98 100.30 99.82 
A. Longs Peak granite, Longs Peak. D. F. Higgins analyst. C. I. P. W. classi- 
fication, liparose. 


B. Longs Peak granite, Sta. 191 8. ST. V. Hgwy. T. Kameda analyst. C. I. P. 
W. classification, omeose. 

C. Mt. Olympus granite, Glen Comfort. D. F. Higgins analyst. C. I. P. W. 
classification, toscanose. 

D. Silver Plume granite, Silver Plume. R. B. Ellestad analyst. C.I.P. W. classi- 


fication, dellenose. 


in thin section. In the triangular diagram all but ten rocks fall into the 
class of true granites. The monzonitic rocks are from the fine-grained 
granite dikes, from small isolated Mount Olympus granite masses, or 
from granite dikes in the schist far from the batholith. 


PETROGRAPHY OF THE TYPICAL LONGS PEAK GRANITE 


The texture of some 25 thin sections of the granite ** shows the rock 
to be of porphyritic, hypautomorphic granular, cataclastic texture, with 
sutured mosaics of granulated quartz crystals, andesine, microperthite, 
microcline, and micas partly enclosing large tabular embayed subparallel 
Carlsbad twins of microcline. Small poikilitic intergrowths of rectangular 
oligoclase having a much altered interior zone and clear borders, together 
with clear oval crystals of quartz and shreds of biotite, are included within 
the microcline phenocrysts. The large quartz crystals have marked undu- 
latory extinction, much granulation, and a dusting of fluid inclusions in 


22 Hight of these sections were loaned through the kindness of T. S. Lovering of the 
U. 8S. Geological Survey. 
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lines from grain to grain, and slender needles of rutile and minute color- 
less cubes of a high index mineral. In the St. Vrain region both mus- 
covite and biotite are abundant, but in the Longs Peak area biotite is the 
commoner mica. Accessory minerals are described below. 

There are abundant cataclastic structures. Microcline is secondary 
after orthoclase. The long microcline phenocrysts may have one end 


QUARTZ 


Figure 5.—Rosival counts of minerals in thin section 
Diagram shows placement of quartz, plagioclase feldspar, and K feldspar (orthoclase 
and microcline) of the Longs Peak granite, the Mount Olympus granite, and associated 
granitic rocks of the Longs Peak-St. Vrain batholith. 


well twinned and the other free from grating structure. Orthoclase 
crystals show faint local patches of a ghostlike grating. The margins of 
the interstitial feldspar crystals, as well as the phenocrysts, are granulated, 
with vermicular fans spread into the microcline (Pl. 31, A). Three sets of 
fractures show in the phenocrysts. (1) Closely spaced, minute, sub- 
parallel greenstick fractures cross each crystal nearly at right angles 
to the long direction. The fractures are healed with a clear mineral 
of higher index than microcline (P1.31,C). (2) Short, stout, rather blunt 
cracks cross the greenstick fractures at about 50° and generally stop at 
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the composition plane of the Carlsbad twin. They are filled with clear 
mineral of about the same index as microcline. (3) Long, open, irregular 
but subparallel cracks cross the microcline and adjacent grains; these 
cracks are filled with greenish chloritic material, and locally there is a 
ribbon of quartz and orthoclase enclosing a tangle of bluish amphibole 
needles. 

Cloos, Balk,?* and others have indicated that the enforced flow of a 
partly crystallized magma is likely to set up parallel orientation of the 
larger crystals. The crystals may be crowded together and jostled against 
each other so that they are bent, strained, and even fractured, according 
to Harker.** In the Longs Peak-St. Vrain batholith the slow-moving 
and viscous magma, full of large microcline crystals, was squeezed by 
orogenic movements, which not only forced out the mineralizing fluids 
into the schist around the main body of granite, but bent and twisted the 
crystals already formed in the magma, so that they retained the initial 
protoblastic fractures induced by the pressures. No parallelism of the 
greenstick fractures appears in the microcline phenocrysts across a thin 
section, but there is an individual orientation of fractures in each crystal. 
Evidently, the feldspar crystals were affected so that each crystal responded 
in characteristic fashion to the influence of pressure. The interstitial 
microcline grains are unstrained and unfractured, as they crystallized 
after the pressures had been reduced or had ceased. It is believed that 
the second set of fractures described above resulted from tensional relief 
of strain. The third set of cracks are simple fractures, developed long 
after the magma had completely crystallized. 


The Longs Peak-St. Vrain batholith, together with the other massive 
pre-Cambrian units of the Front Range, has been subjected to many oro- 
genic movements. The earliest activity of which there is definite record 
as affecting this batholith fractured the phenocrysts, granulated the 
quartz, bent the micas, and developed thrust planes in the partly con- 
solidated magma during its period of intrusion. There has been no 
intensive folding, mashing, or shearing of the batholith since the Protero- 
zoic; later movements in the region have been simple, widespread, and 
general. 

ASSIMILATION 

No large-scale assimilation of the schist occurred within the batholith. 

The magma froze in the place it made for itself by lifting the overlying 


Robert Balk: A contribution to the structural relations of granitic intrusions of 
Bethel, Barre, and Woodbury, Vermont, Vermont State Geologist 15th Rep., 1925 (1927) 
pp. 39-96; Primary structure of granite massives, Bull. Geol. Soc. Am., vol. 36 (1925) 
pp. 679-696. 

* Alfred Harker: Metamorphism. Methuen, London (1982) p. 299. 
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A. LONGS PEAK GRANITE 


Showing subparallel alignment of the tabular twins of microcline. 


B. MOUNT OLYMPUS GRANITE 


Note the fine-grained “pepper and salt’’ texture. 


BULL. GEOL. SOC. AM. VOL. 45, 1934, PL. 31 


A. MYRMEKITE GROWTH AT THE BORDER OF A MICROCLINE CRYSTAL 
(X nicols) 
B. THIN SECTION OF MOUNT OLYMPUS GRANITE 
(X nicols) 
C. THIN SECTION OF LONGS PEAK GRANITE 


Note torsion cracks in individual feldspar crystals. (X nicols) 
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rocks, and penetrated lit-par-lit into the spaces forced open as it advanced. 
In the St. Vrain region the initial conduits were made by stoping and as- 
similation of the country rock, but the spread of the magma into the 
schist at the north and east was by lateral invasion. The magma had two 
periods of crystallization. The first period was deeply intratelluric—a 
quiet time, during which the long tabular feldspar crystals developed in 
great numbers. Then the magma was forced upward and squeezed 
laterally, so that the crystallization culminated in the place where the 
batholith now lies, interfingered with the enveloping schist, welded into 
the folded roof, locally crowded with small unassimilated pieces of schist, 
and wedged against the unyielding crystalline mass of Boulder granite 
and schist along its southern margin. 


FACIES AND SATELLITIC ROCKS 


Facies of the typical granite are few and simple. Sills along the con- 
tinental divide are, locally, large grained. Feldspar twins six inches long, 
or longer, occur, and patches of quartz equally large and mica books inter- 
grown with sillimanite are abundant. The coarse granite grades hori- 
zontally and vertically into medium-grained granite. 

There are numerous fine-grained granite dikes, which carry somewhat 
more plagioclase than the typical granite and locally show rare large 
pink feldspar crystals. Except for their small crystal size, they are almost 
identical in texture and composition with the host. The coarse red 
granite of the St. Vrain region has been described. 


Mount Olympus granite 

Mount Olympus granite, the chief satellitic rock,?5 occurs in stocks 
and dikes in both Longs Peak granite and Big Thompson schist. There 
is no single large area of this granite, but a great number of small intru- 
sions occur, particularly near the periphery of the batholith. Several 
stocklike masses are present within the batholith, but the outlines are 
not clear-cut against the Longs Peak granite. The schist shows linear 
masses of the Mount Olympus granite that may be traced for miles. Stocks 
stand out in bald white knobs above the schist northeast and northwest 
of the batholith. 

Mount Olympus granite is a massive, fine- to medium-grained, even- 
textured, mostly light-gray “pepper and salt” biotite granite (Pl. 30, B). 
The close, even texture of the surface weathers into smooth slopes. The 
surface does not disintegrate into a grus of separate crystals, as does the 
Longs Peak granite, but wears down bit by bit. Jointing is regular, 
rectangular, and sheetlike, and orbicular texture is absent. 

= M. B. Fuller (M. F. Boos) : op. cit., p. 52. 
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Under the microscope Mount Olympus granite is seen to be nonpor- 
phyritic, mostly xenomorphic granular, and haphazard (Pl. 31, B). It 
has approximately the same minerals as the Longs Peak granite. Micro- 
cline constitutes 35 to 60 per cent, plagioclase 13 to 25 per cent, and 
orthoclase and biotite are scattered evenly across the section. Most of 
the orthoclase crystals show incipient to distinct zonation. Mount Olym- 
pus granite is closely related to the typical granite of the batholith and 
is clearly a slightly basic differentiate of the magma. Its intrusion took 
place after the schist had suffered its most intense metamorphism and 
before the magma had completely crystallized within the batholith. 


Pegmatites 


There are a great wealth and variety of pegmatite dikes in the schist, 
the pegmatite being of four types. (1) Dike rocks of coarse texture occur, 
which are genetically related to the granite and derived from it. The 
textures are varied and generally grade into graphic granite. Locally, 
these dikes are welded to the granite. This is the only type of pegmatite 
that cuts the batholith. (2) Rare fine-grained salmon-colored aplite dikes 
intrude both schist and granite in a few places. Aplite is not an abundant 
diaschistic rock. (3) Numerous dikes of large salmon-pink microcline, 
white to smoky quartz, clusters of muscovite, and fan-shaped masses of 
black tourmaline with local poikiloblastic intergrowths of tourmaline and 
quartz cut the schist near the batholith. They vary in width from a few 
inches to twenty feet, and may be traced many hundreds of feet. Thin 
sills in the schist are a tangled mass of black tourmaline needles and 
rose quartz. Some dikes are zoned, with a selvage of tourmaline and 
quartz in comb intergrowth, and coarse feldspar, mica, and quartz in the 
center. Other dikes have a zonal center and a border of haphazard struc- 
ture. The widespread development of comb textures suggests that the 
minerals, particularly tourmaline, grew in the dikes after the orogenic 
movements that accompanied the intrusion of the batholith had subsided. 
(4) Narrow, irregular quartz veins and dikes are numerous. They carry 
pyrrhotite and local pyrargyrite, and cut through schist, granite, and all 
other pegmatite. 

Much of the muscovite-bearing pegmatite may be traced directly to 
the Mount Olympus granite, and at Fall River Pass the graphic granite 
dikes are offshoots of the same granite. The tourmaline-bearing pegma- 
tites seem to have been derived from the Longs Peak granite. Tourmaline- 
bearing dikes rarely occur in the batholith, but they are common in the 
schist bordering the batholith on the west, northwest, and north, and 
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the schist on the northeast is locally crowded with such dikes for a distance 
of several miles from the granite. 

The absence of tourmaline-bearing dikes in the batholith and the lack 
of tourmaline as an accessory mineral in the Longs Peak and Mount 
Olympus granites suggests that the boron-bearing fluids were driven 
from the magma before the batholith crystallized. Had the mineral- 
izing solutions been concentrated within the magma below a crystallized 
hood and later escaped along fractures through the hood into the schist 
about it, there should be numerous channels and pegmatite dikes mark- 
ing the lines from the interior through the granite into the schist 
along which the fluids left the magma, but none has been recognized. 
Also, it seems unlikely that the fluids which later developed tourmaline 
in abundance in the pegmatite could diffuse from the fluid interior of 
the batholith through a crystalline granite shell and not leave some record 
of their passage. An alternative which has been suggested is that the 
mineralizers and the pegmatite-forming materials escaped from the 
magma under pressure as it was intruded, and were so completely driven 
out that little or none of their substance is left in the granite. In this 
view, the pegmatites and some of the quartz veins were an early phase 
of the crystallization, and were probably derived from solutions forced 
out of the magma by the orogenic stresses accompanying intrusion and 
later, by quiet diffusion, spread widely through the highly heated and 
somewhat deformed schist. 


Lamprophyric rocks 


Lamprophyric dikes are rare and of uncertain origin. A few diorite 
dikes of coarse ophitic texture, consisting of andesine, hornblende, biotite 
(both original and after hornblende), titanite, and magnetite with a 
little quartz, cut the granite, schist, and pegmatite. The andesine crystals 
are embayed, corroded, and locally zoned. Cataclastic textures, such as 
typify the granite of the batholith, show in the diorite, suggesting a 
nearly contemporaneous age for this possible basic differentiate. 


HEAVY ACCESSORY MINERALS 


Heavy accessory minerals from many parts of the batholith were exam- 
ined. Careful determinations were made of thin sections and of crushed 
and separated mineral samples. Forty-two samples of rock, each aver- 
aging about 30 cubic inches of granite, were crushed to pass a 65-mesh 
screen, and 50 grams of each sample were used. One third to one fourth 
of each sample, mostly feldspar and mica, was removed by washing. 
Washed samples were separated by bromoform (G = 2.8), washed in 
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_ may be divided into three groups: (1) Primary, or normal, heavy miner- 
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benzol and dried. The heavy mineral residues were put under a powerful 
electromagnet, and the magnetic and nonmagnetic separates were weighed 
and examined. Biotite and magnetite make up the bulk of the magnetic 
residue, constituting 75 to 90 per cent by volume of the heavy minerals. 

The samples were representative of the satellitic Mount Olympus 
granite and both coarse- and fine-grained phases of the Longs Peak 
granite. The accessory minerals have been classified and charted in 
Figure 6.?¢ 

The heavy accessory minerals of the Longs Peak-St. Vrain batholith 


als, which include biotite, magnetite, ilmenite, apatite, zircon, titanite, 
and allanite; (2) contamination accessory minerals, which include silli- 
manite, garnet, fluorite, rutile, and pyrite; (3) secondary accessory min- 
erals, which include chlorite, leucoxene, and hematite. 

Primary, or normal, accessory minerals are, in general, evenly dis- 
tributed throughout the granite of the batholith, except as follows: Zircon, 
the most common nonmagnetic accessory, is to some extent concentrated 
near the summits of stocks where biotite is abundant; apatite, although 
found throughout, increases locally in abundance and this increase is 
paralleled by a similar increase in the zircon; allanite, although not 
abundant, is a widespread and characteristic mineral of this batholith; 
titanite is localized near the margin of the batholith, particularly along 
the continental divide. 

The coarse-textured granite of the batholith holds the greatest number 
and the largest amount of accessory minerals. Fine-grained granite dikes 
carry the same mineral suites as the coarse-grained, but in much smaller 
percentages. The Mount Olympus granite has a greater percentage of 
accessory minerals than the typical Longs Peak granite. The general lack 
of concentration of heavy minerals in any one part or in any phase of 
the batholith is in keeping with the homogeneous character of the granite 
and its lack of differentiation within the batholith. In most cases the 
primary accessory minerals are somewhat less common near large masses 
of schist. Local anomalous concentrations are probably related to the 
contemporaneous centers of intrusions, the products of which are welded 
into one vast batholith of uniform content and appearance. 

Sillimanite, the chief contamination mineral, has been recognized in 
all samples. Its present concentration in the granite, near large xenoliths 
and below uneroded parts of the roof, permits a reconstruction of the 


2% A summary is included in the report of the committee on heavy accessory minerals 
of the National Research Council for 1933. 
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Figure 6.—Heavy accessory minerals of the Longs Peak and the Mount Olympus granites 
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former roof over certain parts of the batholith from which it has been 
removed. Garnet and tourmaline are rare, and fluorite of primary origin 
almost unknown. Small amounts of pyrite occur in the Longs Peak 
granite in the St. Vrain region and in the Mount Olympus granite. 

Blood-red spots and grains of hematite occur in the muscovite and feld- 
spar crystals of the granite in the St. Vrain region in sufficient abundance 
to impart a deep salmon-red color to the rock. Chlorite, derived from 
biotite, is deep green and carries sagenitic webs of rutile. 

Considering the batholith and its satellitic rocks as a whole, in respect 
to all the accessory minerals, it may be said that: (1) The coarse granites 
have the most abundant accessory minerals (Pl. 32, A and B) ; (2) where 
the tabular microcline phenocrysts are abundant, the accessory minerals are 
numerous and varied; (3) fine-grained dikes of the Longs Peak granite 
show a paucity of accessories; (4) the Mount Olympus granite has a 
larger percentage of accessory minerals than the typical Longs Peak 
granite (Pl. 32, C and D). These observations agree, in general, with 
those made by Wright ?* on the heavy accessory minerals of Canadian and. 
English granites. 

Individual mineral species have certain characteristic features that are 
believed to be peculiar to the Longs Peak-St. Vrain batholith. Zircons 
occur in two rather distinct types of fairly definite distribution. One type 
occurs as doubly terminated prisms two to three millimeters long and 
about half a millimeter thick, hyacinthine to brownish in color and deli- 
cately zoned (Pl. 33, A). The cores of the crystals are clouded with 
brownish needles or minute grains of allanite. In many crystals small 
variously oriented crystals of zircon are embedded in the larger ones. 
Locally, the large, indistinctly zoned crystals enclose a single small color- 
less zircon crystal similarly oriented. By far the most abundant are 
the large, colored zircons that are rounded and corroded in outline and 
subdued to barrel shape. Another type is clear, colorless, and in nearly 
perfect crystals or in slender rods with broken terminations. Small, 
corroded, colorless prismatic crystals occur as inclusions in the larger 
zircons and in apatite. 

Both types of zircon crystals occur in the granite near the margin of 
the batholith and are especially abundant in the stocks near the conti- 
nental divide. The large, deeply colored and zoned crystals are charac- 
teristic of the coarse Longs Peak granite where the trachytic texture is 
well developed. The colorless zircons predominate in the Mount Olympus 


2 J. F. Wright: Accessory minerals in the study of granite batholiths, Trans. Roy. Soc. 
Canada, ser. 4, vol. 26 (1932) p. 256. 
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A. NONMAGNETIC ASSEMBLAGE OF TYPICAL LONGS PEAK GRANITE 


Heavy mineral residue (191), showing muscovite, apatite, sillimanite, zircon, allanite, and 
chloritized biotite. (x 16) 


B. MAGNETIC ASSEMBLAGE OF TYPICAL LONGS PEAK GRANITE 


Heavy mineral (191) consisting of biotite, rare magnetite, and chloritized biotite with 
sagenite webs of rutile. (xX 16) 


C. NONMAGNETIC ASSEMBLAGE OF TYPICAL MOUNT OLYMPUS GRANITE 


Heavy mineral (130), showing abundant apatite, small rare zircons, a little allanite, and 
some chloritized biotite. (xX 16) 


D. MAGNETIC ASSEMBLAGE OF TYPICAL MOUNT OLYMPUS GRANITE 


Heavy mineral (130), showing fresh brown biotite and magnetite. (X 16) 
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A. NONMAGNETIC HEAVY MINERALS FROM LONGS PEAK GRANITE 


Note that the large colored zircons have abundant inclusions and marked zonation. (X 16). 


B. HEAVY MINERALS FROM MOUNT OLYMPUS GRANITE 
Shows large apatite crystals with cloudy central axes and etched surfaces. (X 16). 
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granite dikes and stocks intruded into the schist, but the masses of Mount 
Olympus granite that cut the batholith show both the colorless zircons 
and the large, cloudy, deeply colored crystals. 

Allanite, in thin sections, is pale greenish with an earthy brown altera- 
tion coating around each grain. In reflected light, grains from the sepa- 
rated residues are orange to rose-colored and stained with earthy decom- 
position products. The crystals are oval, small, clustered, and commonly 
associated with biotite. In thin sections some of the allanite is in thin 
lenses separating biotite lamellae or in roundish clusters encrusted with 
brownish alteration products and embedded in quartz or muscovite. 
Allanite is widespread but not abundant in the Longs Peak granite and 
is notably common in some samples of the Mount Olympus granite. It 
seems to constitute an index mineral for the Cripple Creek type of granite 
in the Front Range, appearing in the Cripple Creek batholith, the Silver 
Plume batholith, and in the Longs Peak-St. Vrain batholith. 

In the Mount Olympus granite, apatite crystals are characteristically 
stout prisms, rounded and thickly studded with smaller apatite inclusions 
haphazardly oriented. Dikes in the schist to the northeast of the batholith 
carry large apatite crystals having a distinct cloudy blackened core 
(Pl. 33, B). The central axis is densely spattered with black particles, 
and the surfaces of the crystals are etched with parallel markings which 
trend with the long direction of the crystal. The etching appears to have 
been of magmatic origin. 

Sillimanite occurs commonly in slender colorless needles, bunched in 
fan-shaped aggregates and intergrown with biotite. In the red granite 
of the St. Vrain region the sillimanite consists of minute, densely clus- 
tered greenish, brownish, or bluish needles interstitial between quartz and 
feldspar mosaics. Some of the needles grade from colorless at one end to 
dark bluish-brown at the other. Residues with a high content of silli- 
manite carry few zircon crystals. 

Pyrite occurs in well-formed cubes and octahedrons, and fluorite is 
interstitial and purplish. 

Along the continental divide and to the west of it, quartz and muscovite 
crystals are locally loaded with tangles of minute rodlike apatite crystals, 
clusters of small colorless zircon crystals, or bunches of rutile needles. 
These low-gravity minerals may be so thickly strewn with the heavy 
accessories that the quartz and muscovite grains sink in bromoform. In 
general, across the batholith, zircon crystals include smaller zircons or 
grains of allanite, but apatite includes both zircon and smaller apatite 
grains. The sequence of primary accessory mineral crystallization seems 
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to have been allanite, rutile, zircon, apatite, titanite, pyrite, and magnetite 
or ilmenite. 

Both zircon and apatite show two periods of crystallization. The 
earlier was presumably concurrent with the intratelluric development of 
the tabular Carlsbad twins of microcline, and the later period of crystal- 
lization for these accessory minerals probably permitted the continuous 
growth of some original crystals, enclosed others in a newly oriented 
growth of new crystals, or locally developed completely new ones. It is 
believed that the clear colorless zircons belong to the second period of 
crystallization. 


COMPARISON WITH OTHER PRE-CAMBRIAN BATHOLITHS 
OF THE FRONT RANGE 


It has been noted (Fig. 1) that the pre-Cambrian batholiths are ar- 
ranged in a distinctive mosaic pattern in the Front Range. In general, 
granite batholiths do not intrude other granite batholiths. The enormous 
Pikes Peak batholith, of coarse granite with little pegmatite and aplite, 
occupies the southern end of the range, exhibiting locally a faulted con- 
tact against the enclosing schist and earlier crystalline rocks. At the 
north end of the range the great batholith of Sherman granite and its 
basic and acidic differentiates occupies the northern third of the pre- 
Cambrian area. In the central part of the range is a very old granite 
(Boulder Creek), granite gneiss, and quartz monzonite mass, which is 
bordered by younger granite masses. The Silver Plume, Longs Peak- 
St. Vrain, and other minor batholiths are each geologic and geographic 
units enclosed by wide areas of schist. The schistosity of the schist 
in general parallels the margins of these younger batholiths. 

The Longs Peak-St. Vrain, the Silver Plume, and the Cripple Creek 
batholiths are closely related in certain respects. They are of about the 
same size and consist of much the same granite. The Cripple Creek bath- 
olith is intruded into another granite batholith (Pikes Peak), and the 
Silver Plume and the Longs Peak-St. Vrain batholiths are intruded into 
fissile schist mostly of sedimentary origin. The three batholiths carry 
the same suites of heavy accessory minerals, and the granites are texturally 
and mineralogically alike. Both the Silver Plume and the Longs Peak- 
St. Vrain batholiths are bordered with wide metamorphic aureoles 
crowded with pegmatite and related rocks, but there are few diaschistic 
dikes or stocks within the batholiths. The satellitic Mount Olympus 
granite is a feature of the periphery of the Longs Peak-St. Vrain batho- 
lith, and a granite of almost identical nature is associated with the schist 
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along the southern margin of the Silver Plume batholith. Although the 
three batholiths are widely separated areally, they are believed to be of 
contemporaneous origin and to have had a common magmatic source. 


CONCLUSIONS 


The Longs Peak-St. Vrain batholith is one of the individually dis- 
tinctive younger batholiths of the pre-Cambrian terrane of the Front 
Range. It is enclosed on three sides by metasedimentary schists and 
gneisses into which it has penetrated by lit-par-lit injection and lateral 
spreading. Pegmatites and other diaschistic satellitic rocks are abundant 
in the schist bordering the batholith on the northeast, north, northwest, 
and west, but are of rare occurrence in the older granites against which 
the batholith shows abrupt sharp contact at the southern margin. Within 
the batholith, pegmatite and aplite dikes are rare. 

Considerable areas of schist roof cover the granite along the continental 
divide and on the synclinal ridge lying between the granite of the St. Vrain 
region and that of the Longs Peak area. No floor has been recognized. 
The St. Vrain region has been more completely unroofed than the parts 
of the batholith to the north and west of it. Primary structures and the 
relationships to the enclosing schist give clues to the manner of intrusion. 
Apparently, a partly crystallized magma traveled upward through the 
zone of schist bordering the crystalline mass of the Boulder granite, and 
at the same time several minor conduits opened in the Longs Peak region. 
Thrust from the southeast drove the magma diagonally to the north and 
west into the fissile, and readily parted, sedimentary rocks. Lateral 
spreading and lit-par-lit injection of the volatile products and miner- 
alizers of the magma into the schist preceded and also accompanied the 
final crystallization of the granite in the batholith. As a result, there is 
no well-developed hood of basic differentiate rock, no system of metallized 
veins, and only rare pegmatite dikes within the batholith. The Longs 
Peak granite is homogeneous, porphyritic, and has general parallel align- 
ment of tabular feldspars, related to the mechanics of intrusion. The 
Mount Olympus granite occurs in satellitic stocks and dikes and is a 
slightly basic differentiate of the magma, probably separated from it after 
the final crystallization of the batholith had begun. 

Heavy accessory minerals are widespread and distinctive. Allanite 
and colored, zonal, clouded, and corroded zircons, together with etched 
apatite crystals, characterize the granite. 
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INTRODUCTION 


A series of pre-Cambrian metamorphosed sedimentary rocks extends 
from Rainy Lake, in western Ontario, eastward about 150 miles to the 
vicinity of Lac des Mille Lacs. The age of this series has been in dispute 
since the time of the early descriptions by Lawson (1887) and McInnes 
(1897). During the last decade the contributions of Grout, Bruce, Tanton, 
Hawley, and Gill have thrown new light on this perplexing problem, al- 
though the added facts and interpretations regarding the stratigraphic 
position of the sedimentary series often appear incongruous. 


Figure 1.—Index map showing the general location of the areas 


The sediments have been termed Seine and Coutchiching in age, 
depending upon whether they were believed to be stratigraphically 
above or below the Keewatin lavas. Inasmuch as the Keewatin is con- 
sidered by most students of pre-Cambrian geology to represent the base 
of the pre-Cambrian column in the Lake Superior region, the determina- 
tion of the stratigraphic position of the sedimentary and the volcanic 
series is of the utmost importance in the proper interpretation of the 
geologic history of the region. 
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In a geologic complex as intricate as the pre-Cambrian of the Lake 
Superior region, correct correlation is only possible after detailed struc- 
tural and stratigraphic studies have been made involving an area of wide 
extent. Early investigations in the pre-Cambrian of western Ontario were 
entirely of a reconnaissance nature. The region contains thousands of 
lakes, none of which was mapped in the early days, and the first surveys 
were necessarily as much concerned with geography and location as with 
geological mapping. The detailed geologic features were frequently over- 
looked. The formations were grouped largely on lithologic similarities, 
and the time scale established was based primarily on the apparent degree 
of metamorphism of the formations. 

Recent studies in local areas have revealed field data which apparently 
contradict some of the earlier established correlations. The sequence of 
formations assumed for one locality by the early workers has frequently 
been found to be reversed in an adjacent region. Confusion concerning 
the correct correlation was a natural consequence. The present study of 
the metamorphosed sediments in the Rainy Lake and the Seine River 
regions was undertaken in the hope of harmonizing the contradictory 
opinions held by those who have studied various parts of the region. An 
attempt has been made to arrive at a more definite conclusion concerning 
the structural relations of the sediments with the adjoining formations. 

The writer wishes to express his sincere appreciation to Frank F. Grout, 
of the University of Minnesota, who suggested the problem, and who has 
critically read the manuscript; to Charles P. Berkey, of Columbia Uni- 
versity, under whose supervision the investigation was carried out; and 
to Paul F. Kerr, of Columbia University, for his helpful suggestions and 
guidance during the preparation of the manuscript. Many thanks are 
extended to Douglas Johnson, Roy J. Colony and M. King Hubbert, all 
of Columbia University, for their suggestions and criticisms. The writer 
also wishes to acknowledge the assistance given by William A. Gorman, 
of the University of Minnesota, who collaborated on the field work during 
the summer of 1931, and to Hubert Wheeler, of Duluth, Minnesota, who 
acted as field assistant in 1932. Base maps of the area were furnished by 
the Topographical Survey of Canada. 


RESUME OF THE COUTCHICHING PROBLEM 


In 1887, Lawson recognized the existence of five separate geologic 
units in the Rainy Lake area: the Laurentian granites and syenites and 
their foliated equivalents, the Coutchiching mica schists, the Keewatin 
altered volcanics, the post-Laurentian granites, and the Keweenawan 
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basic intrusives. The first he considered not necessarily identical with the 
Laurentian as described by Logan, but he continued the practice of desig- 
nating the crystalline gneisses in the district by that name. Regarding the 
second he says: 

“Superimposed upon the rocks thus referred to the Laurentian system, the 
splendid exposures of the shores of Rainy Lake reveal as the next geological 
group a thick series of very distinctly stratiform mica schists and fine grained, 
gray, evenly bedded, often garnetiferous, very quartzose granulitic-gneisses. 
. . . The series is for convenience designated the Coutchiching series, from the 
Coutchiching Rapids at the head of Rainy River where the rocks are first met 
with on entering Rainy Lake from the west.” ? 


The Laurentian was recognized as being intrusive into the Coutchiching 
mica schists. Superimposed upon the Coutchiching and often separated 
from it by a conglomerate, Lawson found a series of rocks, largely of 
voleanic origin, which he traced eastward from Lake of the Woods to 
Rainy Lake. He had previously recognized this series as distinct from the 
original Huronian as described in 1863 by Logan in his “Geology of 
Canada,” although he felt that future work might prove the two to be 
stratigraphically the same. He named the series the Keewatin, from the 
district along the north shore of Lake of the Woods where these rocks 
occur.” 

In mapping the Seine River and the Lake Shebandowan sheets for the 
Canadian Survey, McInnes * adopted Lawson’s Rainy Lake classification. 
He traced the Coutchiching schists eastward, but he found it increasingly 
difficult to separate the Coutchiching from the gneisses of the Laurentian 
on the one hand and the more schistose phases of the Keewatin on the 
other. He admitted the difficulty of distinguishing between units entirely 
on lithologic grounds, and accordingly grouped them together over much 
of the area mapped. 

In 1904 a visit to the area was made by a special committee composed 
of members of the Canadian and the United States geological surveys. 
After studying the Shoal Lake section, the committee reached the following 
conclusion : 


“The Coutchiching schists form the highest formation. These are a series 
of highly micaceous schists graduating downwards into green hornblendic and 


1A. C. Lawson: Geology of the Rainy Lake Region, Am. Jour. Sci., vol. 83 (1887) p. 
476-477. 

2A. C. Lawson: Report on the geology of the Lake of the Woods region with special 
reference to the Keewatin (Huronian?) belt of the Archean rocks, Geol. and Nat. Hist. 
Surv. of Canada, Ann. Rept., n. s., vol. 1 (1885) p. 14-15. 

3 William McInnes: Report on the geology of the area covered by the Seine River and 
Lake Shebandowan map-sheets, Geol. Surv. of Canada, Ann. Rept., n. s., vol. 10 (1897) 
p. 13. 
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chloritic schists, here mapped by Lawson as Keewatin, which pass into a 
conglomerate known as the Shoal Lake conglomerate. This conglomerate 
lies upon an area of green schists and granites known as the Bad Vermilion 
granites.” 4 

The committee likewise examined the areas of mica schist and con- 


glomerate along the southern shores of Rainy Lake, which are contiguous 
to the sediments on Shoal Lake. It refused to accept the validity of Law- 
son’s claim of a stratigraphic series beneath the Keewatin. 

Lawson’s re-study of the region re-affirmed his earlier convictions as 
to the stratigraphic position of the Keewatin and the Coutchiching. He 
reclassified the conglomerates and overlying quartzites which he found 
lying unconformably on the Keewatin and the Laurentian, and thus 
recognized two separate and distinct sedimentary series in the area. He 
retained the name, Coutchiching, for the pre-Keewatin series, and to the 
younger post-Keewatin series he applied the term, Seine, because the rocks 
of this group were found typically developed along the course of the Seine 
River.’ He had formerly included part of his newly defined Seine series 
with the Coutchiching and part with the Keewatin. The conglomerate, 
which he now placed at the base of the Seine, was previously thought to 
represent the base of the Keewatin.® The Seine series was described as 
occurring in scattered localities along the margin of Rainy Lake. Both 
the Seine and the Coutchiching were traced eastward for seventy miles, 
from Rainy Lake to Sapawe Lake. For part of the distance a narrow 
band of Keewatin was found between the two formations. Where the 
intervening formation was missing, the Seine and the Coutchiching, ac- 
cording to Lawson, could easily be distinguished from each other, although 
the actual contact between the two was never located. He says: 

“Wherever the two sets of rocks were found near each other there was 
observed to be a sudden and abrupt change from the obviously clastic and com- 
paratively little altered Seine rocks to the highly metamorphic mica schists of 
the Coutchiching with no trace of clastic structure remaining.” * 

Grout * traced mica schists with approximate continuity around the 
western border of the Vermilion batholith where xenoliths of schist are 
abundant in the granite, and was able to correlate the mica schists oc- 
curring along the southern shore of Rainy Lake with the Knife Lake 


«Report of the Special Committee for the Lake Superior Region, Jour. Geol., vol. 13 
(1905) p. 95. 

5A, C. Lawson: The Archean Geology of Rainy Lake re-studied, Can. Dept. Mines, 
Geol. Surv., Mem. 40 (1913). 

A, C. Lawson: Report on the Geology of the Rainy Lake Region, Geol. and Nat. 
Hist. Surv. of Canada, Ann. Rept., n. 8., vol. 3 (1888) p. 55-56. 

7A. C. Lawson: The Archean Geology of Rainy Lake re-studied, Can. Dept. Mines, 
Geol. Surv., Mem. 40 (1913) p. 78. 

8F, F. Grout: Coutchiching Problem, Bull. Geol. Soc. Am., vol. 36 (1925) p. 357. 
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mica schists on Bruntside Lake, Minnesota, where the sediments definitely 
overlie the Keewatin. He then followed a continuous band of metamor- 
phosed sediments eastward along the course of the Seine River as far as 
Steep Rock Lake. His interpretation of the structure along the south 
shore of Rainy Lake differed considerably from that of Lawson. He be- 
lieved that the Seine series, as mapped by Lawson, included the basal 
members of a sedimentary series which graded upward into sedimentary 
green schists and then into the mica schists of Lawson’s Coutchiching. 
On the other hand, Lawson had considered the mica schists to underlie the 
green schists (mapped as Keewatin) and the Seine conglomerates and 
quartzites. At Jackfish Lake, southwest of Steep Rock Lake, Grout found 
a lens of conglomerate similar to the typical conglomerate that crops out 
on Shoal Lake. The conglomerate occurred between the Keewatin green- 
stone on the north and a series of mica schists and arkosites on the south. 
He correlated the Jackfish Lake conglomerate with the Seine conglomerate, 
and, as the sediments to the south appeared conformable with the con- 
glomerate, he concluded that the whole series was overlying the Keewatin. 
He crossed the metamorphosed sedimentary rocks from north to south 
along the canoe route from Jackfish Lake to Long Lake, but was unable 
to differentiate two sets of sediments as previously separated by Lawson, 
so he designated the entire group as Seine in age. After an examination of 
the isolated localities of mica schist at Rice Bay and Bears Passage, Rainy 
Lake, Grout found reason to doubt the structure in these areas as inter- 
preted by Lawson. In the former area, where close folding, igneous injec- 
tion, and recrystallization have considerably obscured the true relation- 
ships, he suggested that the mica schist, aggregating a total thickness of 
possibly 500 feet, might well be interbedded with Keewatin greenstones. 
In conlusion he stated that “Notwithstanding the suggestiveness of the 
Rice Bay area, the claim for a Coutchiching has little to support it.” * 
After an examination of the contact between the sediments and the 
greenstones in the vicinity of Jackfish Lake and the section south to Long 
Lake, Tanton agreed with Grout as to the existence of only one sedimentary 
series, excluding the Jackfish Lake conglomerate, but he believed this series 
to be of Coutchiching rather than of Seine age as Grout had considered 
it. He regarded the conglomerate as younger than either the finer sedi- 
ments or the greenstone, and correlated it with the conglomerates of the 
Steep Rock series. Tanton reported that “Without exception it was found 
that the tops of the beds near the contact are toward the north, so that 


°F. F. Grout, op. cit., p. 362. 
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the greenstones classified as Keewatin must overlie the sediments rather 
than underlie them.” *° 

The section south of Jackfish Lake was found to be more complicated 
than Grout had suspected. The sediments, according to Tanton, are 
“plicated into a series of secondary, tight parallel folds with amplitudes 
between the crests of one-quarter to one-half mile.” 

An examination of the localities of mica schist on Rainy Lake by Tanton 
and Grout together resulted in an agreement on the majority of the field 
facts, but failed to bring them into accord on the interpretations in- 
volved.'? Grout * contended that it was not desirable to retain the name, 
Coutchiching, for any of the rocks found in the Minnesota localities, 
while Tanton maintained that there was a series of pre-lava sedimentary 
rocks in that region. 

Hawley’s contribution to the problem was based on detailed field work 
in the Sapawe Lake area and a brief examination of the formations in the 
vicinity of Jackfish and Shoal lakes. He found, in general, that the sedi- 
ments in the area extending from Jackfish Lake to Crooked Pine Lake 
appeared to dip under the greenstones, as Tanton had noted, but at one 
place he discovered the reverse to be true.’* The folds in the two series 
appeared to be discordant with each other, and the contact between the 
sediments and the greenstones truncated the folds in the sediments at an 
angle varying from 5° to 20°. Where the contact was not obscured by a 
stream, a swamp, or a lake, it was characterized by an extremely schistose 
zone, from 100 to 300 feet wide. Hawley concluded that there must be a 
fault along the contact, irrespective of the original stratigraphic position 
of the two formations. Although he interpreted the data as favoring a 
post-Keewatin age for the sediments, he recognized that, in the absence of 
an unfaulted contact, absolute proof was lacking. 

Gill ** criticized Hawley’s hypothesis as presenting “grave mechanical 
difficulties” and as “opposed to certain established facts of the geological 
history of the region.” By using the structural data as presented by 


wT, L. Tanton: Recognition of the Coutchiching near Steep Rock Lake, Ontario, Tr. 
Roy. Soc. Can., 3rd ser., vol. 20, sec. 4 (1926) p. 46. 

17, L. Tanton: Stratigraphy of the northern sub-province of the Lake Superior 
Region, Bull. Geol. Soc. Am., vol. 38 (1927) p. 737. 

13 Jbid., footnote p. 743. Grout said ‘‘At the type locality for the Coutchiching forma- 
tion and at various localities near by, the evidence furnished by detailed mapping is all 
against the occurrence of any sediment older than the greenstone. No Coutchiching 
rocks are therefore recognized in Minnesota.” 

J, E. Hawley: “Seine” or “Coutchiching,” Jour. Geol., vol. 88 (1930) p. 527-528; 
Geology of the Sapawe Lake Area, with notes on some iron and gold deposits of Rainy 
River District, Ont. Dept. Mines, 38th Ann. Rept., vol. 38, pt. 6 (1929) p. 1-58. 

14 J, E. Gill and J. E. Hawley: “Seine” or “Coutchiching”’? Jour. Geol., vol. 39 (1931) 


p. 655. 
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Hawley, but interpreting the data differently, he concluded that the sedi- 
ments were of Coutchiching age—a decision that Hawley ** believed to be 
unwarranted. 

Attention in the past has been directed chiefly toward two areas: 
first, Rainy Lake and Shoal Lake localities, where the work of Lawson 
and of Tanton is opposed to that of Grout and of the International Com- 
mittee; and second, the Sapawe Lake area, extending westward to Steep 
Rock and Jackfish lakes, where the examinations of Lawson, Grout, 
Tanton, Hawley, and Gill have led each to different conclusions. There 
is, as yet, little uniformity of opinion among those who have studied the 
region with regard to a final solution of the Coutchiching problem. Every 
investigation has uncovered new field data, previously overlooked, with 
the result that it has been repeatedly necessary to apply new interpreta- 
tions in order to explain the newly discovered facts. Each investigation 
has, however, materially aided in clarifying the problem, although the 
contributions seemingly contradict one another. 

The present study of the problem has not been confined to one par- 
ticular area but embraces almost the entire length of the sedimentary 
belt. Although the examination substantiates most of the field evidence 
presented by former workers, new data require interpretations that differ 
from those previously offered. As a consequence of this study, it is con- 
cluded that the sediments of the southern belt, extending from Rainy 
Lake to Lac des Mille Lacs, are all of post-Keewatin (Seine) age. The 
sediments in that portion of the sedimentary belt extending from Rainy 
Lake to La Seine appear to overlie the Keewatin unconformably, and the 
stratigraphic sequence of the formations can be determined. Between 
La Seine and Lac des Mille Lacs the sediments appear to underlie the 
Keewatin lavas in some localities and to overlie them in others. This 
relationship is believed to be due to faulting along the contact. The fault 
appears to combine horizontal shear with thrusting of the northern, or 
Keewatin, block over the southern, or Seine, block. 


GENERAL GEOLOGY 
GEOLOGIC SETTING 


The accompanying geologic sketch (Fig. 2), covering a portion of 
northeastern Minnesota and western Ontario, summarizes the geological 
mapping of previous workers. During the present study a belt, a few 
miles wide, extending on either side of the sedimentary-volcanic contact, 
was examined and mapped. Because of the limitations imposed by the 


3 Op. cit., p. 665. 
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small scale of the map only the generalized features are shown. Larger 
scale maps accompany the descriptions of the specific areas. 

An almost complete aureole of metamorphosed clastic sediments ex- 
tends from Saganaga Lake, on the Minnesota-Ontario border, to the 
southwest on the Minnesota side of the border, and thence northward 
around the western margin of the Vermilion batholith to Rainy Lake, 
where the belt enters Ontario, thence eastward to Lac des Mille Lacs. 
The sediments are not continuous around the eastern margin, although 
there are several isolated patches of similar lithology. In Minnesota the 
sediments have been named the Knife Lake slates and the Ogishke con- 
glomerate, and are considered by the Minnesota Geological Survey as 
lower Huronian.1* From Rainy Lake eastward to Lac des Mille Lacs, 
they have been called either the Seine, and correlated with the Knife 
Lake slates and Ogishke conglomerate, or in part Seine and in part 
Coutchiching, depending upon the view held as to their stratigraphic 
position. Southeast of Lac des Mille Lacs some of the sediments have 
been correlated with the Coutchiching and others with the Windgokan ( ?) 
series.17 They are all closely folded, are of similar lithology, and bear 
similar relations to the adjoining formations. 

The center about which this aureole of meta-sediments is arranged con- 
sists largely of Algoman granite and granite-gneiss. There are large 
areas of Laurentian granite and gneiss and Keewatin greenstone in the 
eastern part of the region. Flanking the folded sediments on the south- 
east are the relatively unmetamorphosed Animikian and Keweenawan 
rocks, and on the south, west, and north are the Keewatin greenstones 
and the Laurentian granites and gneisses. The eastern portion of the 
area is characterized by discontinuous, elongated patches of folded sedi- 
ments surrounded by rocks of Keewatin and Algoman ages. The area 
with which the present discussion is particularly concerned is that portion 
of the aureole which extends eastward from Rainy Lake to Lac des Mille 
Lacs. 

FORMATIONAL UNITS 


General statement 


There are six pre-Cambrian geologic units in the Rainy Lake and 
the Seine River regions: Keewatin, Laurentian, Steep Rock, Seine, 


16J. W. Gruner: Recent work of the State Geological Surveys in Huronian and 
Keweenawan Areas, Lake Superior Mining Institute, 27th Ann. Meet.,‘ Houghton, Mich. 
(1929) p. 187. 

77, L. Tanton: Eastern part of the Matawin Iron Range, Thunder Bay District, 
Ontario, Can. Dept. Mines, Geol. Surv., Sum. Rept., pt. C (1924) p. 4, 11. 

R. J. Watson: Platinum-bearing nickel-copper deposit on lower Shebandowan Lake, 
district of Thunder Bay, Ont. Dept. Mines, 37th Ann. Rept., vol. 37, pt. 4 (1928) p. 133. 


Geox. Soc. Am., Vou. 45, 1984 
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Algoman, and Keweenawan. Unconsolidated Pleistocene deposits form 
a thin, discontinuous mantle over the older groups. The geologic units 
differ considerably in their lithology and general nature. Only two, the 
Steep Rock and the Seine, contain an appreciable proportion of sedi- 
ments; the others are almost entirely of igneous origin. The various 
pre-Cambrian units are summarized in the following table: 


Pre-Cambrian Formations 
Diabase and gabbro dikes and sills. (In- 


Keweenawan cludes diabase and gabbro of Steep Rock 
Lake which is of doubtful age.) 


Biotite granite and granite-gneiss; dike rocks 


Algoman of medium to acid composition. 

Metamorphosed sediments including slates, 
biotite schists, chlorite schists, quartzites, 

on sericite schists, arkosites, phyllites, gray- 


wackes, banded iron formations, and conglom- 
erates. (Includes the Coutchiching of some 
authors. ) 


Conglomerates, limestones, and altered vol- 
canics. 


Hornblende and biotite granite and granite- 
gneiss, quartz porphyry. 


Hornblendic, chloritic, and sericitic schists; 
metamorphosed acid, intermediate and basic 
volcanics; ellipsoidal, spherulitic, and amyg- 
Keewatin daloidal lavas; diorites and anorthosites; 
limestones and banded iron formations. 
(Referred to collectively as “greenstones.”) 


Laurentian 


Keewatin series 


The oldest formational unit represented in the area is the Keewatin. 
In the type locality at Lake of the Woods it is composed of metamor- 
phosed rocks largely of volcanic origin. The term was applied by 
Lawson ** in order to distinguish this series from the original Huronian 


18 A. C. Lawson: Report on the geology of the Lake of the Woods region, with special 
reference to the Keewatin (Hurontan?) belt of the Archean rocks, Geol. and Nat. Hist. 
Surv. of Can., Ann. Rept., n. s., vol. 1 (1885) p. 10-15. 


a Steep Rock Series 
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of Logan and Murray, with which it had formerly been correlated. Differ- 
ences in structure, lithology, stratigraphic sequence, and relations to 
intrusives seemed to furnish sufficient grounds to warrant the distinction. 
The correlation of the greenstones of Rainy Lake with the Keewatin of 
the Lake of the Woods has been unquestioned since the correlation was 
established by Lawson. McInnes carried Lawson’s correlation to the east 
in mapping the Seine River and the Lake Shebandowan sheets. As no 
series of rocks in this area has been definitely proven to be older than 
the Keewatin, the rocks of that period are taken as the base of the geologic 
column. 

Greenstones occur in an elongated belt, varying in width from half a 
mile to seven or eight miles, extending from west to east the entire length 
of the area mapped. They are bordered on the north by the Laurentian 
granites and gneisses and on the south by the Seine sediments. Between 
Shoal Lake and La Seine, the Seine is infolded with the Keewatin, with 
the result that the two formations crop out in a series of parallel bands, 
the Keewatin occurring in the anticlines and the Seine in the synclines. 

The rocks of the Keewatin, owing to the presence of either chlorite or 
hornblende in rather large quantities, maintain a greenish hue, hence are 
generally designated as greenstones. They consist of hydrothermally and 
regionally metamorphosed rocks, largely of extrusive origin, which vary 
in composition from basalts to andesites. Rhyolites are of minor im- 
portance. Amygdaloidal, ellipsoidal, and spherulitic structures are com- 
mon (PI. 35, A). Some are schistose, and others are massive ; all are usu- 
ally fine grained. Although their original nature is often nearly destroyed, 
the remnants of primary textures and structures, combined with probable 
primary minerals such as hornblende, plagioclase, augite, olivine, and 
quartz, often give some clue as to the origin of the rock. Minerals most 
commonly present are chlorite, hornblende, plagioclase, carbonate, epi- 
dote, zoisite, leucoxene, biotite, magnetite, ilmanite, apatite, garnet, 
quartz, uralite, augite, sericite, pyrite, and limouite. 

Agglomeritic, tuffaceous, cherty, and slaty beds are common in some 
localities. A bed of cherty limestone has been mapped near the Golden 
Star Mine, north of Shoal Lake.*® Sedimentary bands of a lean iron for- 
mation, composed of alternating thin layers of fine-grained silica and 
magnetite, are sometimes found within the Keewatin. 

Gabbroid and dioritic rocks, intrusive into the greenstones, cannot 
be separated satisfactorily in mapping the area, and so are generally 


1A. C. Lawson: The Archean geology of Rainy Lake re-studied, Can. Dept. Mines, 
Geol. Surv., Mem. 40 (1913) p. 44. 
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grouped with the Keewatin. Such intrusions vary in size from lenticular 
dikes fifteen or twenty feet in length to larger sheetlike intrusions several 
miles long, such as have been mapped at Rainy Lake.?° They are usually 
elongate, their greatest dimension paralleling the schistosity of the 
greenstones. 


Laurentian intrusives 


A large batholith of hornblende and biotite granite-gneiss extends 
across the northern part of the area. Its rocks have been observed to cut 
only the Keewatin and should, therefore, be tentatively classed as Lauren- 
tian. The contact between the two is irregular; large blocks of green- 
stone are included within the Laurentian, and long tongues of gneiss 
intrude into the Keewatin. Frequently, the Laurentian breaks through 
the greenstone as quartz porphyry and micropegmatite dikes. The Steep 
Rock series unconformably overlies the Laurentian. The Seine series has 
not been found in contact with the northern Laurentian area; a belt of 
Keewatin, with a minimum width of approximately half a mile, separates 
the two. 

All foliated, crystalline gneisses were originally designated by the term, 
Laurentian. Later workers have brought out the fact that all the gneisses 
are not of the same age. It is apparent that if the name, Laurentian, 
is to have any particular significance in geological literature, it must be 
restricted in its application. In order to avoid some of the difficulties 
that have arisen, the special committee for the Lake Superior region 
recommended that the term, Laurentian, be applied to the “granites and 
gneissoid granites which antedate, or protrude through, the Keewatin 
and which are pre-Huronian.” In some circumstances the use of the 
term is to be permitted, “preferably with an explanatory phrase,” to 
apply to those granites intruding the Huronian. 

Various problems concerning the classification of the igneous bodies 
on Rainy Lake have been discussed by Lawson. If the recommendations 
of the committee are adhered to, it seems desirable that Lawson’s classifi- 
cation of the intrusions in this area should be modified. A reclassification 
of the Laurentian still involves numerous complexities. It may be said, 
however, that in addition to the large batholith of granite-gneiss (and 
its satellites) that extends across the northern portion of the area, there 
are only three bodies that might be classed as Laurentian: the Bad 
Vermilion granite, the Mud Lake granite, and the sheared granite of 
Grassy Island. 


2 A.C. Lawson: op. cit., p. 36-39. 
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Keewatin lavas, Shoal Lake. 


B. LOWER SEINE CONGLOMERATE 
Shoal Lake Syncline north of Wild Potato Lake. 
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A. STEEPLY DIPPING SEINE SEDIMENTS 
Glaciated surface at Wild Potato Lake. . 


B. UPPER SEINE CONGLOMERATE 
Wild Potato Lake Syncline southwest of La Seine. 
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Steep Rock series 


Unconformably overlying the Keewatin and the Laurentian is a series 
of sediments and altered volcanics known as the Steep Rock series because 
of its occurrence along the shores of Steep Rock Lake. This series was 
first identified as pre-Cambrian by H. L. Smyth,”* who recognized the 
unconformity between it and the Laurentian, although the question of its 
relationship to the Keewatin was not touched. W. H. C. Smith,”? on the 
other hand, was of the opinion that the series was separated from the 
Keewatin and the Laurentian by an unconformity. Both Coleman ** and 
McInnes *4 later grouped it with the Keewatin. Van Hise and Leith * 
and, later, Lawson ** clearly indicated the unconformable relationships 
between the Steep Rock on the one hand and both the Laurentian and 
the Keewatin on the other. 

The Steep Rock series consists of conglomerates, limestones, and 
altered volcanics, which lie in a northwest striking, crumpled syncline, 
terminated on the south by a fault. The Steep Rock series is separated 
from the Seine series by an area of greenstone and Laurentian granite 
about one and a half miles wide. Lawson tentatively placed the Steep 
Rock unconformably below the Seine, whereas Tanton ** has suggested a 
correlation between the Seine conglomerate, cropping out on the Atikokan 
River south of Steep Rock Lake, and the Falls Bay conglomerate of the 
Steep Rock series. As yet no satisfactory correlation has been established 
between the two. This problem has been studied in the field by Tanton, 
but no complete report has been published.** 


Seine series 


Post-Keewatin clastic sediments, cropping out along the course of the 
Seine River, have been called the Seine series.2® The early reports failed 


“H. L. Smyth: Structural geology of Steep Rock Lake, Ontario, Am. Jour. Sci., 3rd 
ser. vol. 42 (1891) p. 319. 

2W. H.C. Smith: The Archean rocks west of Lake Superior, Bull. Geol. Soc. Am., 
vol. 4 (1898) p. 344-347. 

2A. P. Coleman: Clastic Huronian rocks of western Ontario, Bull. Geol. Soc. Am., 
vol. 9 (1898) p. 225; also in Ont. Dept. Mines, vol. 7, pt. 2 (1898) p. 152. 

% William McInnes: op. cit., p. 20-23. 

*®C. R. Van Hise and C. K. Leith: The geology of the Lake Superior region, U. 8. 
Geol. Surv., Mon. 52 (1911) p. 147-149. 

2%A,C. Lawson: The geology of Steep Rock Lake, Ontario, Can. Dept. Mines, Geol. 
Surv., Mem. 28 (1912) p. 10. 

7T, L. Tanton: Recognition of the Coutchiching near Steep Rock Lake, Ontario, Tr. 
Roy. Soc. Can., 3rd ser. vol. 20, sec. 4 (1926) p. 48. 

23 Canada Dept. Mines, Geol. Surv., Summ. Rept., pt. C (1926) p. 133. 

Tanton’s re-mapping of the Steep Rock Lake area, as shown on map 266 A, Canada 
Dept. Mines, Geol. Surv. (1932), differs considerably from the earlier views regarding 
the geographic distribution of the Steep Rock series. 

2 A.C. Lawson: The Archean geology of Rainy Lake re-studied, Can. Dept. Mines, 
Geol. Surv. Mem. 40 (1913) p. 59. 
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to mention the existence of such a series, some of the rocks being placed 
with the Keewatin and some with the Coutchiching. Inasmuch as studies 
have indicated that the Coutchiching in its type locality and in the 
adjacent regions does not exist as a pre-Keewatin sedimentary series 
(with the possible exception of some isolated occurrences in the vicinity 
of Bears Passage and Rice Bay), it is deemed advisable to discard the 
term. The rocks formerly included in that group are the equivalents of 
the Seine series, a term that is applicable to the post-Keewatin clastic 
sediments of the region. 

The Seine sediments occur in a long belt, striking slightly north of 
east and extending the entire length of the area. A band of Keewatin, 
paralleling the Seine, lies to the north, and to the south is the Algoman 
granite. The Seine lies unconformably on the Laurentian and the 
Keewatin. Some have thought that it is separated from the Steep Rock 
series by an unconformity, but the question of the unconformity is not 
easily decided because of the complexity of the geologic relations. The 
Seine is cut by later igneous rocks of Algoman and Keweenawan ages. 
South of Wild Potato Lake the belt of Seine sediments attains a maxi- 
mum width of thirty miles. The decrease in width of the series to the 
east is due largely to the intrusion of the Algoman granite, although 
faulting has cut out a considerable portion of the sediments along the 
contact with the Keewatin. 

The coarse-textured rocks of the Seine are found along the northern 
border of the sedimentary belt adjacent to the old Keewatin and Lau- 
rentian land mass from which they were derived. Progressively farther 
to the south, and away from the massif, the sediments are finer textured. 
Where conglomerates occur, they interfinger and grade into arkosites, 
mica schists, and chlorite schists. Because of the highly compressed 
folds, estimates of the original thickness of the sediments are unreli- 
able. The total thickness, as measured across the Wild Potato Lake 
syncline, appears to be about 8000 feet. It is possible, however, that the 
series is considerably thinner at other localities. No unconformities were 
observed in the entire sequence. The alternation of fine and coarse 
clastics does, however, indicate frequently changing conditions in the 
region from which the sediments came. 

The basal portion of the series is commonly composed of a coarse 
boulder conglomerate, varying in thickness from approximately 2000 feet, 
as exposed in the Shoal Lake syncline, to a few inches elsewhere. In 
places the conglomerate is entirely missing, and the base of the Seine 
series consists of fine clastics, often arkosic, with occasional pebble bands. 
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In the Wild Potato Lake syncline, overlying 6000 feet of fine clastics, 
is a second boulder conglomerate, having a maximum thickness of about 
2500 feet. 

The lower conglomerate (Pl. 35, B) usually contains sub-angular to 
well-rounded pebbles of granite, greenstone, quartz, quartzite, chert, fel- 
site, and quartz porphyry, which grade in size up to three-foot boulders, al- 
though they are usually from one to six inches or more in diameter. The 
fine-grained matrix is ordinarily schistose and is composed of chloritic 
material with interbedded arkosic layers. When the series is tightly folded, 
the schistosity of the matrix is well developed, the boulders being de- 
formed and oriented with their long axes paralleling the schistosity of 
the matrix. The schistosity, in general, coincides with the bedding when 
the two are visible in a single outcrop, although there is sometimes a 
slight deviation between them. 

The finer clastics (Pl. 36, A) consist of mica schists, arkosites, quartz- 
ites, phyllites, banded iron formations, sericite schists, graywackes, and 
slates, some of which contain pebbly lenses. The beds are usually from one 
to three inches in thickness, but may range up to three feet or more. The 
individual beds are sometimes distinguishable as alternating fine and 
coarse material which is generally repeated in a varvelike sequence. The 
coarse arkosites are sometimes cross-bedded. The two structures, cross- 
bedding and varves, rarely occur in the same locality, although they have 
been observed in closely adjacent beds. In the massive beds, traces of the 
sedimentary structure are seldom observed, only a secondary schistosity 
being present. Extreme deformation may obliterate all traces of the 
original sedimentary nature except their general composition. 

The upper conglomerate (Pl. 36, B), the highest part of the series 
exposed in the Wild Potato Lake syncline, is strikingly similar in lithology 
to the conglomerate at the base. Structurally, it is evident that the two 
occupy entirely different positions in the stratigraphic series. The matrix 
usually consists of a chlorite schist, although at some places it is more of 
an arkose. Boulders of granite, greenstone, quartz, quartzite, and quartz 
porphyry, varying in size from one to six inches, occur. Intercalated beds 
of arkosite and chlorite schist contain few pebbles or none at all. Indi- 
vidual outcrops of the latter resemble the more schistose phases of the 
Keewatin. Careful search generally reveals pebbles or boulders indic- 
ative of conglomerate, although some outcrops fail to produce such 
evidence. 

South of the Wild Potato Lake syncline and in the adjacent areas, 
both to the east and to the west, the sediments are almost exclusively fine 
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clastics. Conglomerates are not usually present, and when they occur, 
they are confined to the northern portion of the series. No conglomerates 
are found east of Atikokan, but between Atikokan and La Seine there 
are four occurrences of conglomerate, all of similar lithology. Attention 
has been called to the similarity between these and the Falls Bay con- 
glomerate of the Steep Rock series.*° It is evident that the conglomerates 
cannot be correlated on the basis of lithology alone. Their probable 
stratigraphic position can be determined only by structural studies. 


Algoman intrusives 


Investigations have proved that granites and gneisses intrusive into 
post-Keewatin sediments, as represented by the Seine series, are of much 
greater importance than was originally supposed. The confusion that 
resulted from the practice of designating all early pre-Cambrian intru- 
sives as Laurentian prompted Lawson to introduce the term, Algoman, 
for intrusions of post-Seine but pre-Animikie age. The term, which has 
met with general approval among geologists of the region, “is derived 
from the old district of Algoma, in which these rocks occur extensively.” * 

The Seine series is intruded on the south by the Algoman biotite 
granite and granite-gneiss, which is contiguous with the granite of the 
Vermilion and the Basswood batholiths of Minnesota. The granite be- 
comes particularly conspicuous in the eastern part of the map-area, 
where it approaches the greenstone, entirely excluding the intervening 
sediments at two localities. Elliptical stocks of granite, satellites of the 
main batholith, cut the sediments south of Jackfish Lake, south of 
Sapawe Lake, and at an unnamed lake east of Crooked Pine Lake. 
Numerous stocks of granite, granite-gneiss, and shonkinite at Rainy Lake 
should be classed as Algoman. 

The granite, varying from pink to gray, is composed of quartz, micro- 
cline, orthoclase, oligoclase, and biotite. It is medium-textured and gen- 
erally massive, although sometimes it has a distinct gneissoid structure. 
The contact between the granite and the sediments is extremely irregular. 
The sediments adjacent to the stocks or tongues of granite are usually 
characterized by a pronounced schistosity, the strike of which roughly 
follows the configuration of the intrusive. Pegmatitic and aplitic dikes 
cut both the sediments and the granite. The sediments are injected lit- 


*T. L. Tanton: op. cit., p. 48. 

st A. C. Lawson: op. cit., p. 108. It should be noted that, as originally defined, the 
term, Algoman, was to be applied to intrusives that are post-Upper Huronian but pre- 
Animikie. Lawson regards the Animikie as a post-Huronian formation. 
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par-lit, and large blocks of partially assimilated sediments are frequently 
included within the granite. 

Dikes and sills of biotite lamprophyre, aplite, andesite, rhyolite, latite, 
and trachite porphyries cut the sediments at many localities. They are 
all considerably deformed, thus giving evidence of movement in the sedi- 
ments later than the intrusion. Although their age cannot be ascertained 
with precision, it is inferred that they belong to the Algoman period of 
igneous activity, because they are younger than the Seine sediments and 
yet do not have that fresh, undisturbed appearance which usually charac- 
terizes the basic dikes of the Keweenawan. 


Keweenawan basic intrusives 


The youngest rocks of the district are the late basic intrusives which, 
in the Lake Superior region, are usually correlated with the Keweenawan. 
Dikes and sills of this category are exposed at Rainy Lake and at Steep 
Rock Lake, the latter, according to Hawley,*? belonging, possibly, to an 
earlier period of vulcanism. Other basic dikes and sills are found at 
scattered localities. They are usually either diabases or gabbros and are 
generally fresher in appearance than the earlier formations. 


SEINE-KEEWATIN CONTACTS AND THEIR INTERPRETATION 
GENERAL STATEMENT 


The major problem of the present investigation is that of the age 
relationships between the metamorphosed sediments and lavas. Contacts 
between the two may be traced in extraordinarily straight and nearly un- 
broken lines from the southern shore of Rainy Lake eastward to Lac des 
Mille Lacs. It seemed probable that a detailed study of such contacts and 
of the adjacent area would disclose which is the older, the sedimentary 
sequence or the volcanic. It seemed worth while at the same time to re- 
view in the field the observations of previous investigators in certain areas 
at Rainy Lake, with the object of determining, if possible, whether or 
not sediments of undoubted pre-Keewatin age existed in some of the 
localities not connected with the large sedimentary area along the 
southern shore of the lake. 

An Archean anticlinal axis strikes northeast from Rat Root Bay, Rainy 
Lake, through Grassy and Sand Point islands toward Bad Vermilion 
Lake. Metamorphosed sediments are found on either side of the Kee- 
watin, which crops out along the crest of the anticline. The area of sedi- 
mentary rocks to the north is much less extensive than that to the south, 


J. E. Hawley: op. cit., p. 547. 
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and the various localities at which sediments occur are separated from 
each other by greenstone and granite. 


ISOLATED SEINE-KEEWATIN CONTACTS 


Swell Bay area 


Grout,®* in studies on Morton and Dude islands in Swell Bay, used 
gradations in the size of grain in successive beds to determine the top of 
the sedimentary series. He found that the sediments which appeared to 
lie beneath the greenstones were stratigraphically younger. The de- 
terminations in the present study confirm this conclusion. On the east 
end of Morton Island, where such a criterion may be observed on rock 
exposures, a small bay covers the exact contact between the two forma- 
tions. A small fold can be detected on the island by the reversal of 
gradations, and on this account the validity of Grout’s determinations has 
been doubted by Tanton.** He infers a second fold beneath the bay, 
reversing the age relationship determination, and considers the sedimen- 
tary series as underlying the greenstones. It seems highly improbable 
that a sedimentary series, probably at least 300 feet in thickness, could 
be folded again in the short space available. If the sediments do fold 
again, as postulated by Tanton, and dip under the Keewatin in the short 
space between the outcrops of the two formations, all strata in the series 
must reverse within 200 feet, the width of the bay. 


Bears Passage area 


The structure of the sediments in the Bears Passage area, as inter- 
preted by those who postulate a Coutchiching age, is a simple anticline 
plunging to the northeast along an axis which strikes northeast and south- 
west. Along the eastern contact the mica schists dip about 70° toward 
the Keewatin, and along the western contact the dips range from 30° to 
40° to the west, under the Keewatin. The general structure, as would 
seem to be indicated by the dips along the railway and the shore of the 
lake, is that of an anticline, the sediments along the crest lying in almost 
horizontal attitudes, and both limbs extending beneath the Keewatin. A 
stock of granite intrudes the sedimentary series along the axis of the fold. 

The sediments in the area are all fine grained and extremely schistose ; 
nearly all traces of original sedimentary structures have been obliterated. 
The bedding, as indicated by variations in color and in texture, is rarely 


“T. L. Tanton: Stratigraphy of the northern sub-province of the Lake Superior 
Region, Bull. Geol. Soc. Am., vol. 88 (1927) p. 737-738. 
SF. F. Grout: op. cit., p. 358. 
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visible. When present, it usually coincides with the schistosity. Ap- 
parently, in interpreting the structure, undue stress has been placed by 
previous investigators on observations of the present attitude of such 
highly metamorphosed rocks. An attempt was made to ascertain, with 
the use of recognized criteria, which is the older, the sediments or the 
lavas. After considerable search, the only evidence not considered doubt- 
ful was found on a point in the northeast corner of Swell Bay. Varves 
are well preserved and demonstrate that the sediments are stratigraphi- 
cally above the greenstones. The exposure showing the varved beds is 
approximately 200 feet from the nearest outcrop of Keewatin, and does 
not extend to the contact. In this section, which extends across the 
Bears Passage area, no other criterion that might reveal the structure was 
found. The Swell Bay exposure appears to indicate that the sediments 
do not pass under the greenstones, as one might conclude from the dips 
on the schistosity, unless another fold is inferred in the intervening area 
between the outcrops of the two formations. 

On Morton Island, two miles to the southwest, it is generally agreed 
that the sediments are closely folded. Evidence as to whether or not the 
sediments of Bears Passage are closely folded or lie in one simple anti- 
cline is not complete. After an inspection of numerous outcrops, which, 
aside from the Swell Bay exposure, lack any reliable criteria of original 
sedimentary attitude, the writer is of the opinion that the structure is not 
a simple anticline, as has been reported, but represents a closely folded 
sequence. However, as the data are meager, both alternatives should be 
recognized, and the question of the stratigraphic position of the sediments 
and the lavas should not be considered settled. 


Rice Bay area 


In the Rice Bay area, Lawson mapped a series of sediments encircling 
a stock of granite and dipping under the surrounding Keewatin. Grout ** 
has suggested several possible interpretations of the age relationships of 
the formations of this area. As this section was not examined during 
the present study, the writer has nothing to add to the contributions of 
previous investigators. 


SOUTHERN SEDIMENTARY BELT AND THE KEEWATIN 
(UNFAULTED PORTION) 


South Shore of Rainy Lake 


The mica schist belt that passes through Morton and Dude islands 
may be traced southwest to the vicinity of Grassy Island, and thence along 


%F. F. Grout: op. cit., pp. 360-362. 
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the shore to the outlet of Rainy Lake, the type locality of the Coutchich- 
ing. On Grassy Island the Keewatin is cut by granites of two distinct 
ages. Outcrops of conglomerate, the authenticity of which has been ques- 
tioned by Tanton, occur west of Grassy Narrows. The conglomerate was 
believed by Grout ** to represent the base of the Seine series. A mig- 
matite crops out on the north shores of Grassy and Review islands. 
Formerly it was erroneously identified as a conglomerate and correlated 
with other nearby conglomerates. The misidentification, however, does 
not affect the interpretation of the structure. 

The sequence on the southern limb of the anticline begins with an un- 
doubted conglomerate, cropping out on the north side of Neil Point, and 
overlain by a series of arkosites grading upward into another conglom- 
erate. The latter, in turn, grades into green schists of sedimentary origin 
which were formerly classified with the Keewatin. The green schists 
bear a marked resemblance to similar schists associated with the Seine 
conglomerate farther east. The next succeeding formation to the south 
is the mica schist which Lawson called the Coutchiching, and which he 
supposed was older than the Keewatin. 

Between Dryweed Island, where conditions are essentially the same as 
on Neil Point, and the east end of Bleak Bay, the lower members of the 
sedimentary series are entirely covered by the waters of Rainy Lake. The 
mica schists may be traced with continuity along the shores of Rainy 
Lake, Cliff Lake, and Grassy Lake, and thence to Shoal Lake. A con- 
glomerate, lying between the Keewatin on the north and the mica schists 
on the south, crops out at intervals from Bleak Bay to Shoal Lake, where 
the structure is complicated by additional folding. 

Attention has been called to the cross-bedding in the arkosites across 
Neil Point between the two conglomerates. The tops of the beds com- 
posing the sequence are on the south side in each successive member. The 
conglomerates occupy different positions in the stratigraphic series, one 
near the base and another a considerable distance above. The structure, 
as shown by the cross-bedding in the arkosites, is monoclinal. Lawson 
identified the conglomerates and the intervening arkosites as members 
of the Seine series, but it is believed that in his interpretation of the 
structure he overlooked the finer sedimentary features. He correlated 
the two conglomerates and concluded that they were on opposite limbs 
of a syncline overlying Keewatin green schists, and these, in turn, lay 
on the mica schists of the Coutchiching. 


%T. L. Tanton: op. cit., p. 743. Discussion of Tanton’s paper by Grout. 
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There seems to be no field evidence pointing to the superposition of 
the Keewatin over the mica schists, as has been postulated, nor is there 
evidence to suggest faulting along the contact in order to bring the mica 
schists into juxtaposition with the adjacent formations, although a few 
minor displacements are noted along Keweenawan diabase dikes that cut 
across the strike. The evidence of this investigation points toward a 
continuous stratigraphic succession from the conglomerate, resting on the 
Keewatin, to the mica schists at the top of the series, an interpretation 
which is in agreement with that offered by Grout for this particular 
section. 


Shoal Lake to La Seine 


East of Shoal Lake and north of the large belt of sediments traced 
from Rainy Lake, additional isoclinally folded sediments are found. A 
series of nearly east-west folds occurs, with the Seine cropping out in the 
synclines and the Keewatin occupying the anticlines. A complete under- 
standing of the relations of the geologic units to each other in each of 
these folds is a prerequisite of any attempt at solution of the problem. 

The conglomerate, cropping out half a mile north of the outlet of 
Shoal Lake, is near the axis, but on the north limb, of a closely com- 
pressed syncline. The rocks of the southern limb are not exposed at this 
particular locality. The structure opens to the east, and the conglomerate 
on the north limb swings northward around the Bad Vermilion granite, 
where the sediments dip to the southeast at about 50°. In the vicinity 
of the Golden Star Mine the strike swings abruptly to N. 85° E., and the 
dip changes to vertical, attitudes which are maintained farther east. The 
conglomerate crosses the line of the railway near Mathieu, and continues 
eastward. The southern limb has a more easterly strike from the west 
end of Shoal Lake to the northeastern shore, where the beds are over- 
turned and dip 70° south. It then assumes a still more easterly strike 
and a nearly vertical dip paralleling the conglomerate of the north limb. 
The arkosites in the center of the syncline pinch out rapidly to the east 
as the fold becomes more tightly compressed and takes on a slight west- 
ward plunge. The conglomerate extends to a point about a mile north- 
east of Crilly. A series of finer-grained clastics containing lenses of 
conglomerate are continuous along the strike with the conglomerate of 
the Shoal Lake syncline. Probably they are the fine-grained equivalents 
of the conglomerate, and lie in the eastward extension of the same syn- 
cline. The entire structure, extending some eighteen miles east of the 
Golden Star Mine, pinches out north of La Seine. 
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The synclinal nature of the structure is suggested by the symmetrical 
arrangement of the conglomerate on either limb. If this alone were 
considered, one might interpret the structure as monoclinal, the conglom- 
erates occupying different positions in the stratigraphic sequence. Well- 
preserved cross-bedding in the arkosites on the north shore of Shoal Lake, 
however, gives conclusive proof of its synclinal nature. 

Along the western shore of Shoal Lake there appears to be a gradation 
from the granite, through a detrital formation, to the normal Seine con- 
glomerate. In the vicinity of the Golden Star Mine the conglomerate 
overlies both the Laurentian and the Keewatin. The unconformity at 
the base of the series has been questioned by Parsons,** who believes that 
instead of an unconformable contact between the granite and the over- 
lying conglomerate, such as has been described by Lawson, che granite is 
intrusive into the conglomerate and has mineralized it with the sulphides, 
pyrite, and molybdenite. If this were so, the granite would be classed 
as Algoman rather than as Laurentian. 

The writer agrees with Lawson that the contact is an erosional one. 
The granite, somewhat sheared and foliated, locally grades into an alas- 
kite in composition. Because of the mineralogic composition of the 
granite, which, near the contact, is composed largely of quartz and ortho- 
clase, and the nature of the sedimentary formation immediately over- 


lying the granite, it is difficult to ascertain the exact contact between 


the two formations. Apparently, transition is gradual from the slightly 
altered granite into the overlying sedimentary formation. The basal 
portion of the conglomerate, where it overlies the granite, is composed 
of angular grains of quartz, clearly of detrital origin, and lithic frag- 
ments in a sericitic matrix. The texture and the composition of portions 
of the detrital formation is such that, in the hand specimen, it might 
easily be mistaken for a granite. Where the conglomerate overlies the 
greenstone, the basal portion is composed of angular fragments of green- 
stone and of quartz. It is evident that the material composing the lower 
portion of the conglomerate has been transported only a short distance, 
a fact which prompted Lawson ** to apply the term, fanglomerate, to this 
basal part of the formation. The detrital portion of the formation grades 
upward into the normal Seine conglomerate. No dikes or tongues of 
the underlying granite cutting the sediments, such as might be expected 
if the granite were intrusive into the conglomerate, were observed. Scat- 
tered sulphide mineralization, such as is present in the conglomerate at 


87 A. L. Parsons: Mineral developments in N. W. Ontario, Ont. Dept. Mines, 22nd Ann. 
Rept., vol. 27, pt. 1 (1918) p. 178, 180-181. 
% A.C, Lawson: op. cit., p. 61-62. 
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this locality, is characteristic of the Seine series at various other localities. 
It may be attributed to a post-Laurentian period of vulcanism. 

The Wild Potato Lake syncline strikes N. 85° E. from Grassy Lake 
to Shoal Lake and thence N. 75° E. to a point two miles east of La Seine, 
a total distance of about 28 miles. Both ends terminate in a slight 
plunge. The syncline is separated from the nearly parallel Shoal Lake 
syncline on the north by a belt of Keewatin varying from a quarter of a 
mile to one and a half miles in width. 

The contact between the sediments and the Keewatin along the north- 
ern limb of the syncline may be traced from the southwestern corner of 
Shoal Lake, along the south shore, thence up the Seine River to Wild 
Potato Lake. There, the sediments crop out on the south shore and the 
greenstones on the north, except for minor irregularities in the shore 
line. East of Wild Potato Lake the contact is entirely north of the 
Seine River until a point east of Crilly is reached, where the greenstone 
belt seems to plunge beneath the sediments, and the clastics of the Wild 
Potato Lake syncline appear to be in contact with those of the Shoal Lake 
syncline, although the actual contact was not observed. East of La . 
Seine, the greenstones lying north of the Shoal Lake syncline swing 
abruptly southward and merge with those occurring south of the Wild 
Potato Lake syncline. Accordingly, both the Shoal Lake and the Wild 
Potato Lake synclines terminate with a slight westward plunge. 

The basal members of the sedimentary series from Shoal Lake to the 
east end of Wild Potato Lake consist of fine-grained arkosites, phyllites, 
and mica schists, which at some places contain pebbly lenses and at others 
are interbedded with chlorite schists of sedimentary derivation. Although 
the actual contact between the sediments and the greenstone is seldom ex- 
posed, there does not appear to be a well-defined conglomerate at the base 
of the sedimentary series. A contact between the greenstones and the sedi- 
ments is exposed on a point along the north shore of Wild Potato Lake, 
about a mile and a half from the western end of the lake, where there is a 
sharp break between the sediments and the greenstones. The fine clastics 
of the Seine series lie on the chlorite schists of the Keewatin, with no 
intervening conglomerate. Evidence of movement along the contact 
is found in the drag-folded greenstones and in the disturbed nature 
of the sediments near the contact. A garnet zone, a few inches 
wide, has been developed in the greenstones adjacent to the con- 
tact. Half a mile farther east along the south shore of the lake a small 
dike intervenes between the formations. Evidence of horizontal move- 
ment along the strike occurs farther east along the south shore of lake, 
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where a large drag fold occurs in the sediments. At no other locality 
along this particular contact, extending from Shoal Lake to La Seine, 
was evidence of horizontal movement found. As an undisturbed contact is 
found farther to the east, along the shore of Wild Potato Lake, it may be 
concluded that the movement was entirely of local extent and was not of 
great enough magnitude to affect the structural interpretations. 

The Seine and the Keewatin are in contact on a small point in the 
northeastern corner of Wild Potato Lake (Pl. 3%). The greenstones 
several feet north of the contact have been limonitized, silicified, and 
carbonated. Quartz veins characterize this zone. All the relations in- 
dicate the presence of an old erosion surface. The basal Seine, resting 
directly upon a smooth Keewatin surface, consists of a conglomerate, four 
or five inches thick, which grades upward into phyllitic sediments. The 
evidence of movement along the contact, found farther west at Wild 
Potato Lake, is entirely lacking at this locality. Farther eastward a con- 
glomerate, with a maximum thickness of approximately 2000 feet, in- 
cluding interbedded sericitic, slaty, and schistose quartzites, occurs near 
the base of the Seine. Its maximum development is along the north bank 
of the Seine River, between Crilly and La Seine. It pinches out grad- 
ually both to the east and to the west. 

Cross-bedding in the sediments along the northern contact with the 
Keewatin indicates that the tops of the beds are to the south, so that 
they overlie stratigraphically the greenstones. Gradations in grain in the 
varvelike beds and cross-bedding south of the conglomerate belt in this 
structure, extending from Grassy Lake to La Seine, indicate that the tops 
of the beds are to the north, which implies that the beds are on the south- 
ern limb of a syncline and overlie the Keewatin, the next succeeding 
formation to the south. The conglomerate south of Wild Potato Lake, 
therefore, occupies the center of the syncline and is the youngest portion 
of the series present. 

The sediments of the Wild Potato Lake syncline were classified by Law- 
son as post-Keewatin. A narrow greenstone belt separates these sedi- 
ments from the much more extensive sedimentary area to the south, which 
has been thought by Lawson to underlie the Keewatin. A careful study 
of the southern margin of the greenstone belt was made in order to deter- 
mine which of the conflicting points of view regarding the age of the 
sediments is correct; that is, whether the sediments dip under the green- 
stones or overlie them. 

Keewatin rocks crop out along the south shores of Grassy and Shoal 
lakes. This narrow belt may be traced eastward for twelve miles, con- 
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sistently maintaining a strike of nearly N. 80° E. and an almost vertical 
dip. The greenstone belt terminates south of the east end of Wild Potato 
Lake, where the accepted Seine sediments of the Wild Potato Lake syn- 
cline may be traced with continuity across the strike into sediments called 
Coutchiching by Lawson. It is impossible to separate the two into dif- 
ferent sedimentary series. The Keewatin crops out again at a point two 
miles south of Sturgeon Falls, and thence may be traced in a general 
N. 65° E. direction for about six miles until it joins with the greenstones 
lying to the north of the Wild Potato and Shoal Lakes synclines. 

Although the greenstones and the sediments both crop out along the 
south shores of Grassy and Shoal lakes, it was impossible to find any ex- 
posed contacts between them or to determine the tops of the beds in the 
sediments. On the south bank of a small creek which flows from the 
east, entering Shoal Lake near its outlet, a series of varved beds in the 
arkosites indicates that the tops of the beds are to the south, the sedi- 
ments overlying the greenstone belt. Although the greenstones lie 
beneath a swamp and are not visible here, it is probable that the deter- 
mination was made not more than 500 feet south of the contact between 
the two formations. 

About a mile south of the western end of Wild Potato Lake, in the 
vicinity of a contact described by Lawson,*® greenstones crop out on the 
south side of a swamp. South of the greenstones and immediately in 
contact with them are the fine-grained mica schists and arkosites belong- 
ing to the sediments in question. The dips of both formations near the 
contact depart only slightly from the vertical, and the strikes of both 
formations parallel the contact between them. No trace of a conglom- 
erate is found at the contact in this or any other adjacent locality. The 
contact between the volcanics and the sediments is sharp. At places the 
greenstones, near the contact, appear limonitized as if they had been ex- 
posed on an old erosion surface. The top of the beds of the sedimentary 
series, a few feet south of the contact, is to the south. The sediments in 
this locality and in nearby areas were all found to overlie the green- 
stones. 

As the sediments both to the north and to the south of the greenstone 
belt overlie the Keewatin, the greenstones occupy the crest of an anticline. 
The folds south of the greenstones are parallel to the contact between 
the sediments and the Keewatin. Half a mile south of the greenstone 
belt the tops of the beds are to the north, which indicates that a syn- 
clinal axis lies between the two outcrops. As a synclinal axis is found 


3% A. C. Lawson: op. cit., pp. 24-25. 
Geon. Soc. AM., Vou. 45, 1934 
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in a similar position south of Shoal Lake, it may be assumed that the 
same fold extends between these points, paralleling the contact. 

Two miles south of Sturgeon Falls, where the greenstone again crops 
out, the tops of the beds likewise are to the south. The exact contact is 
not exposed, but determinations were made about a thousand feet south 
of the southernmost greenstone outcrop. The tops of the beds were 
determined only once between this point and the termination of the Wild 
Potato Lake syncline east of La Seine, and it was found that the relation- 
ships are the same as those farther west. 

The sediments of this southern belt extend continuously from the 
south shore of Rainy Lake to Shoal Lake, and thence eastward. Although 
the exact contact is not exposed at Rainy Lake, the field relations indicate 
that the sediments are post-Keewatin. Exact contacts between the sedi- 
ments and the Keewatin are found on the south side of the greenstone 
belt south of Wild Potato Lake. The tops of the beds near the contact 
are to the south, wherever they were checked. If the sediments of this 
belt are actually older than the Keewatin or if the contact between 
them is faulted, one would expect to find other relationships exhibited 
at various points along the contact. Throughout this belt, however, uni- 
form relationships are found between the sediments and the lavas. The 
sediments everywhere overlie the Keewatin. Faulting cannot account 
for the relationships, as the actual contact of the sediments and the green- 
stone is exposed, and there is no trace of a gouge, breccia, or shear zone. 
Evidence of the old pre-Seine erosion surface is found at places. The 
evidence fails to support a pre-Keewatin age for the sediments, and it 
seems certain that they are post-Keewatin. They should be correlated 
with the undoubted Seine sediments of the type locality along the Seine 
River. 


SOUTHERN SEDIMENTARY BELT AND THE KEEWATIN 
(FAULTED PORTION) 


La Seine to Steep Rock Lake 


East of the termination of the Wild Potato Lake syncline the sedi- 
ments lie entirely south of the Keewatin rocks. The contact between 
the two formations in this region is an extension of the southern contact 
between the lavas and the sediments, traced eastward from the south 
shore of Rainy Lake. The structural relationships between the two for- 
mations are so different in the two areas that one might easily be misled 
concerning the relative ages of the sediments and the greenstones if this 
region alone were studied. 
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Commencing at a point two miles east of La Seine, the contact of the 
greenstones and the sediments runs eastward to the Seine River. Along 
the river the Keewatin occupies the north bank and the sediments the 
south, except for minor irregularities in the course of the river. West 
of Banning the contact swings south of the Seine, but crosses again to 
the north bank east of Pike Lake. The north shore of Perch Lake, ex- 
cept for one point on which sediments crop out, is occupied by green- 
stones and the south shore by sediments. East of Perch Lake the con- 
tact is south of the Seine River as far as Steep Rock Lake, through which 
the river flows from the north. The contact between the sediments and 
the lavas continues eastward, closely following the course of the Atikokan 
River to a point one and a half miles south of East Bay, Steep Rock Lake. 

No exact contact was found between the lavas and the sediments in 
this whole area. Where not covered by the waters of the Seine or the 
Atikokan rivers or the numerous lakes along the course of the Seine, the 
contact is marked by a distinct topographic depression or swamp. A 
zone of slaty and schistose rocks extends on either side of the contact. 
Both the sediments and the volcanics are disturbed and are characterized 
by similar metamorphic structures. A belt, varying in width from 50 
to 300 feet and consisting of fissile and extremely schistose rocks, occurs 
at many places between undoubted sedimentary rocks and the Keewatin 
voleanics. The identity of the fissile schists can only be determined with 
difficulty. Throughout the entire area the sediments are fine-grained and 
predominately of arkosic composition except for the occurrence of four 
lenses of conglomerate in the northern part of the sedimentary belt. 

South of the Canadian National Railway, at a point one mile west 
of Flanders, varved sediments occur in the Seine series, not more than 200 
feet from the nearest greenstone on the north. The tops of the beds are 
to the north and toward the Keewatin. This criterion, when applied far- 
ther to the east, gives the same results. The tops of the beds are all to 
the north as far east as the western end of Steep Rock Lake. At no 
locality have the tops of the beds, near the contact, been found to be to 
the south. 

Conglomerates occur at the east end of Pike Lake, on a small point ex- 
tending down from the north shore of Perch Lake, and north of Jackfish 
Lake. All three of these outcrops are limited in extent, and the con- 
glomerates apparently bear similar relationships to the adjoining forma- 
tions. The tops of the sedimentary series south of the conglomerates are 
all on the side toward the greenstones, which lie immediately to the north. 
Apparently, the sediments are the oldest formation in the region, locally 
grading upward into a conglomerate which, in turn, is overlain by green- 
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stone. This sequence is exactly reversed from that found at many places 
in the area to the west. The conglomerates on Pike and Perch lakes are 
intensely sheared, and their original nature is obscure. The one north 
of Jackfish Lake, which has been the subject of a detailed study by Haw- 
ley, is lithologically similar to the conglomerates occurring both at the 
base of the Seine series and at the top of the series in the Wild Potato 
Lake syncline. 

Conglomerates similar to those at Jackfish Lake are extensively exposed 
north of the Atikokan River, just east of its confluence with the Seine 
(Pl. 38, B). North of these conglomerates, and between them and the 
greenstones, are about a thousand feet of arkosites and related rocks. 
Varves in the finer clastics indicate that the tops of the beds are to the 
south. The sediments appear to overlie the Keewatin, which is contrary 
to the relationship found between this point and La Seine. 

The writer attempted to trace the conglomerate which crops out along 
the Atikokan River into the Falls Bay conglomerate of the Steep Rock 
series, a tentative correlation suggested by Tanton.*° All attempts made 
in the field to establish the identity of the two conglomerates were un- 
successful. If such a correlation were correct, the conglomerate of the 
Atikokan River would need to swing northward abruptly in almost a 
V-curve within the interval of a few miles. As the conglomerate of the 
Atikokan River and the quartzites below appear to maintain their east- 
west strike, paralleling the larger belt of sediments to the south, it seems 
more reasonable to assume that such a change of strike does not take place. 

One and a half miles east of the conglomerates of the Atikokan River 
the sedimentary-greenstone contact is offset a mile to the south by a 
northeast and southwest fault, which appears to be an extension of the 
one that cuts off the Steep Rock series on the south end of East Bay. 


Steep Rock Lake to Lac des Mille Lacs 


The contact east of Steep Rock Lake maintains the same regularity 
of strike that characterizes it west of the lake. The sediments of both 
areas are entirely south of the Keewatin, except locally at Steep Rock 
Lake. The belt of sediments becomes narrower farther east, and appears 
to pinch out entirely a few miles east of Lac des Mille Lacs. Stocks and 
tongues of granite frequently cut the sediments, forming lit-par-lit in- 
jections and rendering the sediments extremely schistose and difficult 
to study (Pl. 39, A). Ina few places the sediments appear to be entirely 
cut out by the granite, which seems to be in contact with the greenstone 


T. L. Tanton: Recognition of the Coutchiching near Steep Rock Lake, Ontario, Tr. 
Roy. Soc. Can., vol. 20, sec. 4 (1926) p. 48. 
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with no formation intervening. The contact of the greenstone and the 
southern, or Algoman, granite was found at only one locality, on the south 
shore of Bolton Bay. Here, dikes of granite and pegmatite cut the green- 
stone. In the vicinity of Baril Bay and for a few miles east and west, the 
sedimentary belt becomes narrow and irregular. At some localities the 
area mapped as sediments or as granite contains a large proportion of both 
rocks. Because of the nature of the contact between them and the un- 
usually thick mantle of drift that covers a large part of the bedrock, 
it is not everywhere possible to differentiate exactly between the areas 
of granite and those of sediments. 

The contact of the greenstones and the sediments continues eastward, 
closely following the course of the Atikokan River as far as Sapawe Lake, 
where its strike turns slightly northward across the lake. Thence, it 
continues eastward to Crooked Pine Lake, the north shore of which is 
largely occupied by greenstones. From here the contact strikes east, 
first along the canoe route to Baril Bay, where it appears to be offset by 
a northwest-southeast fault, and then to Bolton Bay, east of which it 
swings slightly to the north in a broad arc to the east end of Lac des 
Mille Lacs. 

Exposures of the sediments near the greenstone contact immediately 
east of the Steep Rock Lake fault indicate that the tops of the beds are 
to the north and toward the Keewatin. This determination can be made 
at several localities along the railway, as far east as Plateau Lake. A 
short distance south of the contact at this latter locality the tops of the 
beds are again to the south. At Sapawe Lake the sediments again appear 
to dip beneath the Keewatin, a relationship that is maintained eastward 
for 25 miles. Outcrops along a small creek between Crooked Pine Lake 
and Baril Bay indicate that the tops of the sediments are to the south, 
but on Bolton Bay, to the east, the sediments once more appear to dip 
under the Keewatin. 

The contact zone in this area is essentially similar to that in the area 
immediately to the west. Both the sediments and the greenstones near 
the contact are extremely schistose, crumpled, and faulted. The dis- 
turbed nature of both is well exhibited in the numerous railway cuts be- 
tween Steep Rock Lake and Plateau Lake. The sediments are fine- 
grained clastics, and conglomerates are not found in any part of the 
series. This is one striking difference between the area east of Steep 
Rock Lake and that to the west, and obviously requires an explanation. 

As is the case between La Seine and Steep Rock Lake, a depression 
everywhere marks the contact (Pl. 39, B). On the Atikokan River, both 
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east and west of Sapawe Lake, post-Keewatin gabbro dikes are found 
within the Keewatin adjacent to the sedimentary contact. These dikes 
cut the Keewatin but have not been found intruding the sediments on 
the south. The gabbro has been partially replaced by magnetite, pyrrho- 
tite, and chalcopyrite, which form the iron deposits of the Atikokan Iron 
Range. The proximity of the richest deposits to a stock of granite occur- 
ring south of Sapawe Lake suggests, according to Hawley, a genetic con- 
nection between the period of mineralization and the Algoman igneous 
activity. It is of considerable significance that the mineralization is lo- 
calized in a narrow belt not more than 200 feet wide, along a contact that 
appears to be a zone of structural weakness. 

Further evidence that this contact, extending from La Seine to Lac 
des Mille Lacs, is a zone of weakness is found at Bolton Bay, Lac des 
Mille Lacs. A section containing greenstones, granite, sediments, and 
breccias, 1500 feet across the strike, occurs on the west shore of a small 
bay extending south of Bolton Bay about two miles from its western ex- 
tremity. This is the only locality at which sediments and greenstones 
were found to crop out near each other. The greenstones, which crop out 
on a point on the northwest side of the bay, are brecciated and injected 
with granitic material. They are cut by dikes of pegmatite and pink 
granite. South of the greenstones this same granite crops out in a belt 
about 500 feet wide. The next outcrop to the south is that of a gray 
granite, south of which there is a belt, about 100 feet wide, occupied by 
sediments. The sediments are thoroughly brecciated and injected with 
granitic material. South of the zone of sediments is a gray granite- 
gneiss that contains numerous xenoliths of sediments. The pink granite 
has evidently been injected along a weak, sheared zone, separating the 
sediments from the Keewatin on the north. A number of outcrops of 
a pink granite of similar lithology occur west of this locality, south of 
Baril Bay. Perhaps no great time interval separated the intrusion of the 
pink and gray granites; they may be products of the same period of 
vulcanism. 

Obviously, the anomalous relationships existing between the sediments 
and the lavas east of La Seine require a different explanation from that 
offered for the conditions farther west, where the sediments were all found 
unconformably overlying the Keewatin. Three hypotheses might be ad- 
vanced to account for the apparent discrepancies in the stratigraphic 
sequence found in the two areas. First, the sediments in the area east 
of La Seine might be older than either the sediments west of La Seine 
or the greenstones. Second, the greenstones in the two areas may belong 
to different geologic periods, being younger than the sediments in one 
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area and older in the other. Third, the sediments in the two areas may 
be stratigraphic equivalents, and their apparent relations to the green- 
stones, either in one area or in the other, may be the result of faulting. 

As already pointed out, the sediments extending from Rainy Lake 
to La Seine belong to one stratigraphic series, which unconformably over- 
lies the Keewatin. The sediments east of La Seine are continuous with 
those to the west. The rocks of both areas can be traced along the strike 
without an intervening break. It would seem, therefore, that all the 
sediments belong to the same series and that the first hypothesis is 
untenable. 

The greenstones can be traced with continuity from the region west 
of La Seine, where they underlie the sediments, to the region east of La 
Seine, where it has been thought that they may overlie the sediments. 
In view of the fact that the greenstones extend with such continuity 
across the area, it seems highly improbable that they belong to more than 
one period of vulcanism. It seems reasonable to conclude that all the 
greenstones, with the exception of those included in the Steep Rock 
series, are of pre-Seine (Keewatin) age and, therefore, the second 
hypothesis is untenable. 

The third hypothesis appears to explain satisfactorily the relationships 
observed. The clastic sediments, with the exception of the conglomerates 


of the Steep Rock series, are all members of the same sedimentary series. 
West of La Seine the sediments lie unconformably over the Keewatin. 
East of this point the two formations show anomalous relationships to 
each other. At some points the sediments appear to dip beneath the 
greenstones, and at others the reverse is true. This relationship can best 
be explained by extensive faulting, which has displaced the formations 
and changed their original relations. 


STRUCTURE 
RESUME OF PREVIOUS THEORIES 


The fault along the contact between the sediments and the greenstones 
was identified by Hawley.*t He postulated a theory that assumed a con- 
tinued application of the same stresses during a single period of deforma- 
tion to account for all the structures of the region except those due to 
the earlier Laurentian orogenies. The structures explained by that 
theory include the folds in the sediments, the fault along the sediment- 
lava contact, and the fault terminating the Steep Rock series on the 
south. The forces invoked are a set of east-west shearing stresses of the 


41 J. B. Hawley: “Seine” or “Coutchiching,” Jour. Geol., vol. 88 (1930) p. 530. 
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type reproduced by Mead ** in his experiments. This type of deformation 
is said to have formed in the sediments a series of en echelon folds, whose 
axes are parallel to the long axis of the strain ellipsoid, and two faults that 
approximately parallel the planes of maximum shear. It was believed 
that in such a horizontal shearing motion, the northern Keewatin block 
moved eastward, while the southern sedimentary block moved westward 
and upward. 

This interpretation of the direction and the nature of the fault move- 
ment, as well as the conclusions reached with regard to the age of the 
sediments, has been criticized by Gill.** He has emphasized the apparent 
discrepancies between the present distribution of the formations and that 
which would be expected under Hawley’s hypothesis, and has also pointed 
out mechanical difficulties involved in the application of such a combina- 
tion of stresses in developing the structures of the region. In conclu- 
sion, he suggested: first, an east-west shearing stress combined with a 
north-south compressive stress of greater magnitude, this accounting for 
the structures in the sediments as well as the fault along the contact; 
and, second, another period of deformation producing the structures in 
the Steep Rock series. 

As has been pointed out, the structural hypothesis proposed by Gill 
neither proves nor disproves a Coutchiching age for the sediments, 
although he interprets it as favoring the stratigraphic superposition of 
the lavas over the sediments. According to Hawley’s modified hypothesis, 
a combination of shearing and compressional stresses, with the former 
dominant, would account for the structures present. Although the pres- 
ent study confirms Hawley on the field evidence present in the district 
he studied, evidence found in adjacent regions requires a new interpreta- 
tion of the structures in the entire area. 


MINOR STRUCTURAL CRITERIA 
General statement 


The sediments of the entire region are isoclinally folded. The dip is 
generally vertical, and the strike, aside from minor irregularities, con- 
sistently trends slightly north of east. Because of the total absence of 
fossiliferous strata and the scarcity of reliable horizon markers, the 
unraveling of the structure of the sediments and their relationship to 
the Keewatin is largely dependent upon the interpretation placed upon 
minor structural criteria. These may be divided into features of two 


42W. J. Mead: Notes on the mechanics of geologic structures, Jour. Geol., vol. 28 
(1920) pp. 505-523. 
43 J. E. Gill and J. E. Hawley: op. cit., pp. 655-664. 
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groups: sedimentary and deformational. In the former group are cross- 
bedding, gradations in grain, and horizon markers; in the latter are drag 
folds, fracture cleavage, and flow cleavage. The minor features differ 
in different parts of the region, depending upon the environment at the 
time of deposition of the sediments and upon the subsequent geologic 
history. Thus, features prominent in one area may be entirely missing 
or only occasionally developed in adjacent areas. 


Sedimentary features 


Reliable horizon markers in the sedimentary rocks are rare. The fine 
clastics are remarkably similar in lithology throughout the region, and 
it is seldom that a single stratum or stratigraphic horizon can be traced 
for any great distance along the strike. Persistent conglomerate belts 
have been suggestive in explaining the structure. Because of their oc- 
currence at different stratigraphic horizons, they furnish evidence only in 
conjunction with supporting criteria. 


fe] 3 6 
SCALE OF INCHES 


Figure 8.—Teztural gradations in the wavelike beds of the Seine series 
The beds dip vertically, and the top of the series is to the left. 


Cross-bedding is particularly well-developed in the arkosites of the 
Shoal Lake syncline, along the northern limb of the Wild Potato Lake 
syncline, and on Neil Point, Rainy Lake. It has also been noted in 
other areas, but its occurrence is rare. Cross-bedding is generally ac- 
cepted as a diagnostic criterion in the determination of the direction of 
the top of the beds of a sedimentary sequence. The tops of the beds are 
toward the concave side of the curves (Pl. 40, A). 

Gradations in grain in successive beds of a stratigraphic series are 
common over a large part of the area studied. The beds, varying from 
half an inch to three inches or more in thickness, are frequently repeated 
in a varvelike sequence. The bottom of a layer may consist of coarse- 
grained sand, combined with finer shaly material. From this coarse 
material, transition is gradual to the upper part of the bed, which consists 
entirely of fine shales. An abrupt change is usually noted between the 
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shaly portion and the coarse lower portion of the next succeeding bed. 
In some instances the boundary between the two is transitional; how- 
ever, this type of gradation is seldom observed. 

The gradations in grain within the individual beds and the repetition 
of such gradations in successive beds is similar, in many respects,** to the 
textural gradations found in varves in the Pleistocene as well as in banded 
slates and argillites occurring at various intervals in the geologic column.** 
The assumption that glacial sediments normally grade from coarse to fine 
in each varve is supported by experimental studies.*® The gradational 
phenomenon in the sediments of the Seine series is indicative of some 
form of seasonal control over deposition. Because of the absence of 
recognizable tillites in the stratigraphic sequence, it is difficult to prove 
whether or not an actual glacial climate existed at that time. 

The validity of employing grain relationships in determining the origi- 
nal tops of the beds in a sedimentary series has been questioned by 
Cooke.*7 A geologic process which would result in the gradation of fine 
clastics upward into coarse clastics is conceivable, and actual examples in 
which such a process has been operative may be cited in the literature. 
However, when gradations in grain are repeated in successive beds in a 
rhythmic, varvelike manner, it seems probable that the original top of 
each individual bed is the finer portion. Evidence supporting this infer- 
ence was found at three localities: three quarters of a mile south of the 
Seine River, between Banning and Flanders; one and a half miles south 
of the Seine River, just east of Wild Potato Lake; and on an island in 
Perch Lake. In each of these places the determinations made by cross- 
bedding agreed with determination by textural gradations in closely ad- 
jacent beds. Identical evidence is likewise reported by Tanton ** in the 
vicinity of Jackfish Lake. 


Deformational structures 
The complex tectonic history through which the rocks of the region 


have passed resulted in the formation of secondary structures such as drag 
folds, fracture cleavage, and flow cleavage. The nature and the inten- 


“Ernst Antevs: Retreat of the last ice sheet in eastern Canada, Can., Dept. Mines, 
Geol. Surv., Mem. 146 (1925) p. 13. 
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Comp. Zool., vol. 47 (1919). A bibliography on the subject is included by Sayles. 

46H. J. Fraser: An experimental study of varve deposition, Roy. Soc. Can., Proc. and 
Tr., 3rd ser., vol. 23, sec. 4 (1929) pp. 49-60. 

“H.C. Cooke: Anomalous grain relationship in the Caldwell quartzites of Thetford 
district, Quebec, Roy. Soc. Can., Proc. and Tr., 3rd ser., vol. 27, sec. 4 (1931) pp. 71-74. 

#@T. L. Tanton: op. cit., p. 44. 
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A. SEDIMENTS INJECTED LIT-PAR-LIT 
Lac des Mille Lacs. 


B. KEEWATIN-SEINE SERIES 


Topographical depression along the contact (Keewatin on the left) 
near mile post 139 on the Canadian National Railway. 
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A. Cross-bedding in the Seine series, north side of Shoal Lake. 
Tops of beds are toward the concave side of the curves. 


B. Sheared and crushed Seine sediments near the contact with 
the Keewatin, two miles west of Plateau Lake. 
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sity of the deformation varies considerably in different parts of the region, 
with the result that the structures formed at an early period are com- 
plicated or masked by later structures. At many places it is difficult to 
determine to what period or type of deformation the particular structure 
owes its origin. 

Drag folds and fracture cleavage are exposed more commonly in the 
horizontal than in the vertical or intermediate planes. Although they 
are sometimes found to be helpful in the determination of structural de- 
tails, they were not observed frequently enough to be of great assistance. 

The sediments are characterized by a distinct schistosity. The most 
prominent flow cleavage coincides so nearly with the bedding that it is 
rather difficult to distinguish between the two. As a result, the angular 
relationship between the cleavage and the bedding—a structural criterion 
often used in other regions—is of little assistance in this area. At some 
localities, flow cleavages trending more northerly or southerly than the 
bedding have been noted. The one most commonly observed in the area 
east of La Seine strikes from 10° to 30° more northerly than the bedding. 

The cleavage, which is subparallel to the bedding, is generally developed 
throughout the area. It seems probable that it is related to the origin 
of the folding. Other cleavages, which are more or less locally developed, 
may have originated during this same period of deformation or may be 
related to still later diastrophic movements. 

A pronounced schistosity, obliterating all other structures, is charac- 
teristic of the rocks in contact with and closely adjacent to stocks and 
tongues of granite. Here the sediments are thoroughly recrystallized, and 
the planes of schistosity follow the general contour of the intrusive mass. 
They appear to have been imposed upon the sediments by the intrusive 
mass and are seemingly independent of folding and faulting in the region. 


FOLDING IN THE SEDIMENTS 


As before stated, the sediments are isoclinally folded throughout the 
region. The distance from crest to crest of the several folds varies from 
less than one mile to as much as three miles. The amplitudes seem to be 
considerably larger than Tanton thought them to be. The flow cleavage, 
which is believed to be related to the folding, diverges only slightly from 
the bedding in dip and in strike. The remarkably close parallelism 
existing between this cleavage and the bedding indicates the extreme com- 
pression of the folds. The dip of the schistosity varies only a few degrees 
either side of vertical. As the axial planes of folds, according to Leith, 
parallel the flow cleavage, it may be assumed that in general the folds 
are nearly vertical. Overturning in which the axial planes dip slightly 
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to the north is more common than that in which the planes dip to the 
south. 

Drag folds are found pitching both to the east and to the west. Some 
of these may be related to the chief period of folding, and others may 
have been formed by later deformation. There is little evidence upon 
which to base interpretations of the pitch of the major folds. 

In the area west of La Seine the strike of the schistosity—and hence the 
axes of the folds—nearly parallels the contacts between the Seine and the 
Keewatin. This is not true east of La Seine, where the strike of the 
flow cleavage is most commonly a few degrees to the north of the strike 
of the contact between the sediments and the volcanics. Although Haw- 
ley did not actually map the individual folds in the area, he assumed this 
slight difference in strike to indicate that the eastern termini of the folds 
were truncated by the sedimentary-volcanic contact. 

In order to verify Hawley’s assumption, the writer mapped the folds 
in the northern portion of the sedimentary belt. In the area west of La 
Seine, it was found that Shoal Lake and Wild Potato Lake synclines both 
terminated with a slight westward plunge. The only syncline mapped 
south of these two structures was found to lie parallel to the other syn- 
clines to the north. However, between La Seine and Flanders, this fold 
appears to be truncated by the contact. Several folds were mapped in 
the area between La Seine and Lac des Mille Lacs. The approximate 
axis of each was traced eastward. The trend of each fold is a few de- 
grees more to the north than the trend of the contact between the sedi- 
ments and the lavas, and each fold finally abuts against the contact at 
a slight angle, which ranges from 5° to 20°. Thus, the sediments appear 
to dip beneath the lavas in some localities and to lie on the lavas in others, 
depending upon which limb of the fold is being studied. 


FAULT ALONG THE SEINE-KEEWATIN CONTACT 


No faults of appreciable magnitude have been mapped in the area west 
of La Seine. East of this point the anomalous relationships existing be- 
tween the greenstones and the sediments can be explained only by fault- 
ing. The fault, extending from the vicinity of La Seine to Lac des Mille 
Lacs and thence eastward, forms the contact between the sediments and 
the lavas. 

The fault plane is nowhere exposed, the fractured zone being occupied 
by a lake, a river, a swamp, or a depression filled with soil. Because 
of the lack of good exposures and the disturbed condition of the fault 
zone, the nature and the direction of the movement must be ascertained 
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by a study of the present attitude of the rocks adjacent to the fault 
zone, by a study of the minor structures in the rocks that seem to be related 
to the fault movement, and by the present distribution of the formations 
on either side of the fault. The stratigraphic positions of the formations 
must be determined in the unfaulted region to the west. 

The dip of the schistosity and the cleavage in the greenstones and the 
sediments adjacent to the fault vary from 60° northward to vertical. 
Dip angles of approximately 75° are dominant. There are local varia- 
tions in which the dip is to the south at a high angle. It is probable 
that the cleavage and schistosity nearly coincide with the dip of the fault 
plane—that is, to the north. Sometimes, however, it is nearly vertical or 
dips steeply to the south. 

A horizontal movement along the fault plane, in which the northern, 
or Keewatin, block moved eastward in relation to the southern, or Seine, 
block, is indicated by the attitude of the drag folds in the sediments ad- 
jacent to their contact with the Keewatin, and by the folding in the green- 
stones and the Steep Rock series in the vicinity of Steep Rock Lake. 

Evidence of an upward movement of the southern block in relation to 
the northern block is meager. It has been reported that at one locality, 
near milepost 139 on the Canadian National Railway, about two miles 
east of Atikokan, gouges and crude mullion structure occur which “in- 
dicate a movement of the south side up and west past the north at an 
angle in the east-west vertical plane of 30°.” *® A visit to the outcrop 
from which such an observation was reported inclines the writer to the 
opinion that the mullion structure is too doubtful to be relied upon. 

Field evidence based upon the present distribution of the formations 
favors the interpretation that movement occurred in which the northern 
block moved up in relation to the southern. On the northern, or up- 
throw, block, erosion has cut deeper and exposed the oldest formations, 
the Keewatin and the Laurentian. The youngest formations, the Seine 
and the Algoman, have been preserved on the southern, or downthrow, 
side of the fault. If the northern side were the downthrow side, erosion 
would have exposed the oldest formations on the southern side of the 
fault. The point has been raised by Gill ®° that no clastic sediments, 
with the exception of those included in the Steep Rock series, occur on 
the northern side of the fault. Hawley has suggested that the fault fol- 
lows approximately the old shore line, hence the lack of sediments north 
of the contact. The folds in the sediments strike a few degrees north of 
the strike of the contact and are truncated by it. This being so, there 


«J. E. Hawley: op. cit., p. 533. 
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‘ 
q 
q 


370 PHILLIP L. MERRITT—SEINE-COUTCHICHING PROBLEM 


must have been, at some time, northward continuations of the folds 
beyond the present contact. Apparent difficulties in explaining the pres- 
ent distribution of the formations may be explained by a horizontal shear 
fault on a nearly vertical plane, which cuts the folds in the sediments at 
a small angle, and an associated overthrust to the south. A fault of this 
type may account for the present distribution of the conglomerates. 

West of La Seine, conglomerates are characteristic of the northern por- 
tion of the sedimentary belt. In many places no conglomerates are 
found at the base of the Seine series, and this may have been the original 
sedimentary condition in the region to the east. If one assumes that 
there were formerly extensive conglomerate horizons in the northern part 
of the sedimentary belt east of La Seine such as characterize the western 
portion of the sedimentary series, their almost total absence at the 
present time must be explained. Obviously, if the northern portion 
of the original sedimentary belt has been uplifted, the conglomerates on 
the upraised block have been removed by erosion. The few patches of 
conglomerate found between La Seine and Atikokan may be remnants 
of larger bodies that occurred at considerable distance from the contact 
between the Seine and the Keewatin, prior to faulting, and are preserved 
because they are located on the downdrop side of the fault. As one con- 
tinues eastward from La Seine, sediments formerly lying farther and 
farther away from the old land mass are found in contact with the Kee- 
watin. Thus, the belt of sediments becomes progressively narrower east- 
ward; first, the sediments on the northern, or upraised, block have been 
removed by erosion; second, on the southern, they have been cut out by 
the intrusion of the Algoman granite. 


STEEP ROCK LAKE FAULT 


According to Lawson, the Steep Rock series is folded into a closely 
compressed, northwestward-striking, crumpled syncline. The Steep Rock 
series and the Seine series are separated from each other by an area of 
granite and greenstone about a mile and a half wide, and by two faults. 
Definite information regarding the relative positions of the two series in 
the stratigraphic column is lacking. A fault abruptly terminates the 
Steep Rock series on the south end of East Bay, Steep Rock Lake. 
It strikes in a general direction of S. 50° W., following a distinct 
topographic depression that is partially occupied by lakes and streams. 
It crosses the Seine-Keewatin contact, offsetting the contact about one 
mile, and then continues into the sedimentary belt. Erosion has cut 
deeper into the southern, or upthrow, side of the fault south of East 
Bay on Steep Rock Lake, removing all the Steep Rock series and a large 


i 


STRUCTURE 371 


part of the Keewatin, thus baring the Laurentian granite, which con- 
tains roof pendants of greenstone. The Keewatin, the Laurentian, and 
the overlying Steep Rock series are exposed on the north, or downthrow, 
side of the fault. 
BARIL BAY FAULT 

A fault extending from Boot Bay on Lac des Mille Lacs to Baril Bay 
and thence to the southeast has been noted by McInnes. The zone is 
characterized by a distinct topographic depression. The Keewatin and 
the Seine series east of the line of displacement appear to be offset more 
than a mile to the southeast. Because of the scarcity of outcrops, due 
to the unusually heavy cover of drift, little detailed mapping of the 
fault was attempted. 


CONCLUSIONS 


1. Several isolated occurrences of metamorphosed sedimentary rocks 
have been studied in the vicinity of Rainy Lake in western Ontario and 
northeastern Minnesota. It is believed that they are of post-Keewatin 
age, although some doubt remains, owing to the lack of sufficient and 
reliable field data regarding the occurrences at Bears Passage and at 
Rice Bay. 

2,a. A belt of isoclincally folded, metamorphosed sediments has been 
traced almost continuously eastward from Rainy Lake to Lac des Mille 
Lacs, a distance of approximately 150 miles. It is concluded that they 
are of post-Keewatin age and, therefore, should be described under the 
term, Seine. 

b. The portion of the belt of strata extending from Rainy Lake to 
La Seine is interpreted as lying stratigraphically above the Keewatin. 

c. Between La Seine and Lac des Mille Lacs the strata of the same 
belt appear to be stratigraphically beneath the Keewatin in some localities 
and above it in others. This anomalous relationship is interpreted as 
due to faulting along the contact. 

3,a. The interpretation of the structure differs in some respects from 
the reports of previous studies. 

b. The fault movement along the contact between the Seine and the 
Keewatin is believed to combine a horizontal shear with an associated over- 
thrust to the south. 

c. The Steep Rock Lake and the Baril Bay faults appear to be the 
youngest large structures in the region, as they cut both the folds in the 
sediments and the fault along the Seine-Keewatin contact. 
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4, It seems advisable to retain local names for the formational units 
in this area and not to attempt broad scale correlations on the facts at 
hand. The Ogishke conglomerate and the Knife Lake slates have been 
considered by the Minnesota Geological Survey to be lower Huronian or 
older. Miller and Knight, in their classification proposed in 1913, 
place both the Seine and the Steep Rock series in the Timiskaming, pre- 
Huronian formation. Later correlations by Cooke * and by Moore *° 
likewise place the Seine and the Steep Rock series in the Timiskaming. 

Although it seems certain that the Ogishke conglomerate and the Knife 
Lake slates are of the same age as the Seine series, the general problem 
of their correlation has not been attempted. The problem of the correla- 
tion of the Seine series with early pre-Cambrian sediments in adjacent 
regions should be based on broader studies than the present investigation. 
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In how far has modern Science advanced toward a true Understanding of the 

INTRODUCTION 


The geologist of the present day, immersed in, and at times almost 
submerged by, the immense mass of new, and often valuable, material 
which continuously claims his attention, usually finds little time to glance 
back through the past centuries and follow the gradual evolution of his 
science from the point where it takes its origin among the ancient Greeks, 
through the later classical times and the Middle Ages to the Renaissance, 
when a new method for the study of nature was introduced, and thence 
on to the present day. This new method was that of close observation 
and experiment, instead of reliance on speculation and subservience to 
authority. With its introduction, science, as a whole, entered upon an 
era of vigorous growth and rapid expansion, ever increasing as the years 
went on, which has made it one of the dominating influences in the mod- 
ern world. 

A study of the gradual development of geological science in these past 
times is, however, of great interest, opening up, as it does, many strange 
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vistas of thought and opinion, which, although now appearing to us as 
quaint and sometimes almost ludicrous, reflect the mental climate of the 
times, were elaborated and taught by men of the highest intellect and 
ability, and would have been accepted by the geologists of the present 
world had they lived in those far distant ages. 

It is the purpose of the present paper to trace the development of our 
knowledge of that branch of geology which deals with the origin of ore 
deposits, a department of geological science which in recent times has 
attained a position of great importance, and having done so, to inquire 
in how far the views of the ancient writers have proved to be correct, why 
they failed to reach a correct interpretation when they did fail, what ad- 
vances we have made toward a knowledge of the subject, and finally to 
ask in how far we can be sure that our present views are definitely and 
finally established. 

The older geologists were accustomed to designate as “fossils” all things, 
whether organic or inorganic, which were dug out of the earth’s crust. 
Among these “fossils,” the metals and their ores have always attracted 
especial attention, owing to the bright luster which marks them off from 
other stones, and because from the ores, it was found possible through 
the agency of fire to extract metals. 

Mankind undoubtedly began early to indulge in speculations with 
reference to the origin of these rare and useful bodies, discovered here 
and there among the common stones of the mountains. What these 
speculations were will probably never be known, but the earliest writings 
which have been preserved, from any European source at least, in which 
reference is made to this subject are those of Aristotle (B. C. 384-322). 


THE VIEWS OF ARISTOTLE 


Even Aristotle says little on the subject of the origin of metals and 
their ores. He, however, touches upon it briefly in his Meteorologia 
when referring to the origin of stones in general. 

In his opinion the rays emitted by the sun, falling upon the earth’s 
surface, cause the earth to give off two kinds of exhalations—a “Light 
Fxhalation” and a “Dark Exhalation.” The first of these consists chiefly 
of water, and rising into the heavens appears as mist and clouds. The 
second, or “Dark Exhalation,” consists of fumes given off by the rocky 
surface of the earth itself, and can be seen when the horizon is scanned 
on hot days or in stormy weather. This also rises into the atmosphere, 
forming dark clouds. It causes thunder, lightning, and earthquakes, 
and settling down again upon the surface of the earth becomes consoli- 
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dated into stones of various kinds. Lucretius? refers to these two ex- 
halations in the following words: 
When in the morning the golden light of the beaming sun first blushes 
over grass jewelled with dew, when the lakes and the ever-flowing 
streams exhale a mist, aye, even as the very earth seems sometimes 
to smoke: all these exhalations come together on high above us, and now 
cohering weave a texture of cloud under the sky. 


Avicenna ? believes that the meteoric stones which occasionally fall from 
the heavens originate from the condensation of this dark exhalation while 
still in the sky. 

But some of these solar rays penetrate below the surface and pass deep 
down into the earth’s interior. Here they act in the same manner as at 
the surface, developing these two exhalations. 

As is well known, Aristotle held that all material things were com- 
posed of one or more of four “elements”—fire, air, earth, and water. It 
must be borne in mind, however, that he did not use the term “element” 
in the same sense in which the chemists of the last century employed 
it, to designate a “simple” substance which could not be split up into 
any other substances. Each Aristotelian “element” was a combination of 
two “properties.” Thus, “Fire” was a combination of the properties of 
heat and dryness; “Water”, of those of heat and dampness; “Earth”, 
those of coldness and dampness; and “Air”, those of heat and dampness. 

When, then, these rays from the sun which penetrate into the earth’s 
crust meet with conditions where the earthy element largely prepon- 
derates, they produce stones. In other places, where the Aristotelian ele- 
ment of earth was mingled with that of water in suitable proportion, 
these rays engender metals or metallic ores, because, according to Aris- 
totle, a metal is a combination of the elements of earth and water, the 
presence of the latter element being shown by the fact that the metal 
possesses certain properties of water, as, for example, a measure of fluid- 
ity, for metals are malleable when hammered, and when heated they will 
melt and flow. These incipient deposits, being fed and nourished by 
further exhalations, grow into larger ore bodies in the course of time. 

The gems found in the earth’s crust have a similar origin, but in their 
case it is the fixed stars more particularly, whose pure, serene, and 
heavenly rays give birth to these bright and precious stones. 

Thus, Aristotle considered the deposits of metals and their ores found 
in the earth’s crust to have a celestial origin. 


1 De Rerum Natura, Book V, verse 460. 
2 De Congelatione et Conglutinatione Lapidum. 
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From the time of Aristotle for the next 1800 years practically nothing 
was written upon the origin of ore deposits; nothing, at least, is to be 
found in the few books dealing with natural science which appeared 
in this long succession of centuries. Avicenna, Theophrastus, Dias- 
cordies, Pliny, Lucretius, Isidor of Seville, and Marbodus, all of whom 
make some reference to ores, say practically nothing about their origin. 
Seneca,* in referring to the analogy between the earth and the human 
body, writes: 

So, too, in the earth there are several different kinds of moisture. There 
are some kinds that grow hard when fully formed. Hence arises all 


the metalliferous soil from which our avarice seeks gold and silver. 
There is a kind which turns from liquid into stone. 


When, however, Albertus Magnus and his pupil, Thomas Aquinas, in 
their attempt to weld together the teachings of Aristotle and those of 
the medieval church, founded the Scholastic Philosophy, the old Aristo- 
telian teachings concerning the celestial origin of metals and their ores 
passed into scholastic literature and continued to appear in successive 
scholastic treatises down through the ages. 


THE FIRE AT THE CENTER OF THE EARTH 


It was the alchemists who revived an interest in the subject. With 
the invention of printing in the latter half of the 15th century, their 
books were multiplied at a rate hitherto unheard of, and their teachings 
were spread abroad wherever books were read. 

Many of the alchemists, and others of their time who thought upon 
these subjects, were willing to allow that the celestial rays, penetrating 
deeply into the earth were, or might be, an active cause in the production 
of metals. It was, however, the general opinion among them that the 
evidence pointed rather to the existence of a great body of fire at the 
center of the earth, giving off dense clouds of metal-making vapors, as 
the primary cause of the development of ore bodies. The existence of 
this fiery region they believed was demonstrated by the floods of molten 
rock, the clouds of ashes, and the great volumes of steam and intensely 
heated vapors which were ejected from Etna, Vesuvius, and other active 
volcanoes which they saw in Europe and from others whose existence was 
reported in various other parts of the world. How this fire was lighted 
and, furthermore, how it was maintained, however, presented difficult 
problems and gave rise to a diversity of opinions. Some writers con- 


® Quaestiones Naturales, Book III, para. XV. 
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tended that it originated and was maintained through the action of the 
heavenly bodies. Frascatus* is a supporter of this view, his argument 
being briefly as follows: The earth stands at the center of the universe— 
he is, of course, speaking of the Ptolomaic universe—consequently, its 
center is the center of the whole universe. Both are spherical in form. 
The sun, the moon, the planets, and all the fixed stars shoot out rays 
of heat which tend to concentrate at the center of the universe—that is, 
at the center of the earth—as the spokes of a wheel meet in its central 
hub, so that the center of the earth must be the hottest of all places in 
the universe. Some think that these rays find their final goal at the 
earth’s center, others that when they reach the center they are reflected 
back along the same course or at an acute angle, but whichever view be 
true, these rays, colliding with one another and rubbing against each 
other in the narrowed space about the earth’s center, by their friction 
generate fire, which is nothing else than excess of heat. The heat thus 
derived from celestial sources will be maintained so long as the Universe 
endures. 

This view, so widely held in medieval times and so quaint in the light 
of modern physics, is by Frascati further developed by the elucidation of 
the differing properties of terrestrial and ethereal fire and by many other 
considerations which, although interesting, are no longer relevant. 

Thomas Norton, one of the best known of the English followers of 
what he calls the “subtill science of holy alkimy” in his Ordinall of 
Alchimy,® written in verse about the year 1477, when referring to the 
metals and metallic ores found in the earth’s crust, says: 

For cause efficient Mettalls finde ye shall 
Only to be the vertue Minerall 

Which in everie Erth is not found, 

But in certaine places of eligible ground: 
Into which places the Heavenly Spheare, 
Sendeth his beams directly everie yeare 
And as the matters there disposed be 
Such Mettalls thereof formed shall you see. 

The alchemist, Aurelio Augurelli,® in his poem entitled The Golden 
Fleece and the Art of Making Gold says: 

The place where metals take their origin is the inmost and unmoved 


centre of the earth, which in shape is like a marble goblet hollowed 
out of the deep lying rocks, a vaulted chamber into which the rays of 


¢Gabrielis Frascati Brixiani: De Aquis Returbii Ticinensibus. Ticini. 1575. 

5 See the facsimile reproduction of a copy published in 1652, with an introduction by 
E. J. Holmyard (Edwin Arnold). London, 1928. 

6Vellum Aureum et Chrysopoeia. Basel, 1518. There is a German translation by 
Valentino Weiglio. Hamburg, 1717. 
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the sun penetrate and the heavenly lights shoot into it innumerable 
rays which ripen and mature the collected vapours which from thence 
pass out and fill up all spaces in the rocks and all crevices traversing 
them. If however this vapour or moisture becomes condensed and 
cannot therefore pass on further through the secret cavities of the 
rock, it after unnumbered years finally becomes hardened into those 
unripe metals which are found filling veins in the earth’s crust. 


And these, he goes on to say, are eventually, through the alchemy of 


nature, transformed into gold, silver, copper, iron, lead, or tin, as the 


case may be. 


Aurelio Augurelli, like so many of the alchemists, while claiming that 
he had discovered the art of making gold, remained a poor man, a circum- 


stance which in his case led to a rather amusing incident. 


In the work 


above mentioned he makes the boast, “Were the ocean made of quicksilver 


I could turn it into gold.” But on presenting a copy of his poem to 
Pope Leo X in the hope that he might receive some substantial recognition 


of the value of his work and at the same time an alleviation of his poverty, 


the pope sent him in return a package which when opened proved to con- 
tain a large bag in which there was nothing but a small slip of paper on 
which were the words, “He who can make gold requires only a purse in 
which to keep it.” 
More than one hundred years later the renowned alchemist, Glauber,’ 
wrote: 

Not alone I but many others, among them the celebrated Sentivagius 
consider that there is an empty space in the earth’s centre where nothing 
is at rest, into which the powers of all the stars are poured forth 
and where their mutual reactions give rise to an intense heat, from 
thence these virtues are continually turned back, seeking the circum- 
ference, where meeting with moisture and the material of pure earth 
they give birth to metals. 


Others, of whom Georgius Agricola * is a representative, contended that 
this view of the origin of the subterranean fire was purely fantastic, and 
that the heat was derived from the combustion of beds of coal, bodies 
of bitumen, or, in some cases, masses of sulphur which existed beneath 
volcanic centers, and that these were ignited by intensely heated vapors 
which, in their turn, derived their heat from friction which was set up 
within the gaseous mass itself or by its contact with the walls of narrow 


7Glauber, Johan Rud.: Operis Mineralis, Pars. II. De Ortu et Origine omnium Metal- 
lorum & Mineralium.” Amsterdam (1652) p. 10. 


8 De Ortu et Causis subterraneorum. Basil (1546) Book II, p. 35. 
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spaces through which it was forced when in rapid movement within the 
earth. The cause of these movements, and how the fires could be main- 
tained for centuries at individual volcanic centers, is not explained. 

Agricola does not seem to have held that the whole central portion of 
the earth was in a highly heated condition but rather that the subter- 
ranean fires were confined to areas beneath the volcanic vents. His ex- 
planation of the source of this heat in the combustion of beds of coal 
became, however, quite generally accepted, and was that promulgated by 
Werner and many of the Neptunists as late as the opening of the 19th 
century. Agricola’s views on the source of the highly heated vapors 
which, according to him, played such an important réle in many of the 
processes which went on in the subterranean world were, however, vague, 
for he speaks of them, on the one hand, as having been derived from the 
vaporization of water and, on the other hand, of water as having been 
formed by their condensation. 

It was the general opinion among alchemists that the planets, of which 
the sun was one, rather than the fixed stars, were the particular heavenly 
bodies from which the creative influence that developed the metals pro- 
ceeded, and that, furthermore, each planet developed a special metal 
and to a certain extent impressed upon it its own peculiar characteristics. 
Thus, the sun influenced the production of the bright yellow metal, gold; 
the moon, the white shining metal, silver; the planet Mercury, deriving 
its name from the ever moving messenger of the gods, the mobile metal, 
quicksilver or mercury; Venus, the metal, copper; Mars, the war god, 
the metal, iron; Jupiter, the metal, tin; and Saturn, the dull and heavy 
metal, lead. This opinion had the support of Roger Bacon,’® “The Ad- 
mirable Doctor,” and also of the great leader of the Schoolmen, “The 
Angelical Doctor,” Thomas Aquinas."* 

Growing out of the belief that the sun’s rays were the active agent 
in the development of gold in the earth’s crust, was the idea, which be- 


® Milton sets forth the same idea: 
As when 


The force of subterranean wind transports a hill— 
Torn from Pelorus, on the shatter’d side 
Of thundering Etna, whose combustible 
And fuel’d entrails thence conceiving fire 
Sublim’d with mineral fury, aid the winds 
And leave a singed bottom, all involv’d 
With stench and smoke. 
(Paradise Lost. Book I, line 230.) 


10 Steele, Robert: History of Science, vol. 2. p. 49. 


1 De Esse et Essentia Mineralium. Coloniae (1592) p. 132. 
See also Fabius Colonne: Les Principes de ia Nature ou de la Génération des Choses.” 


Paris (1731) p. 315. 
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came widespread and is met with everywhere in the literature of the 
time, that gold was to be found most abundantly in tropical countries 
where the sun’s rays fell upon the earth’s surface with the greatest in- 
tensity. “Thus we,” says Lehmann,’* “see that gold, which is the most 
perfect of all metals comes more abundantly in hot climates, silver, cop- 
per and lead require less heat in their formation and come in cooler 
lands.” Many authorities went so far as to hold that it was in fact use- 
less to search for this metal in far northern or far southern latitudes. 
This belief had an important practical bearing on the settlement of a 
number of international questions. It probably played a part in the 
decision of the Spaniards not to press their claim to what is now British 
Columbia, after the British expedition under Captain Vancouver met 
the Spanish admiral with his fleet off the west coast of Canada. 
The treaty signed on 28th October 1790, made an end of the Spanish 
claim to sole sovereign rights over American waters north of the Gulf 
of California, a claim that had not been disputed for more than a 
century. ... Already the spirit of Mafiana was sapping the vitality 
of a once great people. The indifference of Spain to this vast unexplored ot 
territory is probably explained by her preoccupation with the quest for ) 
gold and the commonly held theory that the nearer the Equator the 
better the chances of finding it.13 


The astronomical signs of the several planets were by the alchemists 
transferred to their corresponding metals, and so deep a hold did their 
belief and usage take on men’s minds that these seven metals continue 
to be designated by these same symbols down to the present day. 

In the Middle Ages it was regarded as a fact of peculiar significance, 
and one which exemplified the divine plan of creation through which 
ran the mystic number, seven, that while there were seven planets in the 
heavens, there were seven metals in the earth, a harmony which, of 
course, ceased to exist when additional metals and new planets were dis- 
covered, but by that time alchemy itself had suffered a transmutation into 
chemistry, and these old ideas of mythical coincidence had faded away. 

The alchemists, and others who busied themselves with the question 
of the origin of ores in these early times, believed that every metal first 
appeared in the form of a soft plastic material which was called “Gur.” 
Mathesius in his book Sarepta referring to “Gur” says: 

The matter of Metals before it be coagulated into a metalline form, is i 


like butter made of the Cream of Milk, which I also have found in 
Mines where Nature hath produced Lead. 


22 Lehmann, Johann Gottlob: L’Art des Mines in his Traité de la Physique. Paris, 
vol. 1 (1759). 
183 George Godwin: Vancouver, a Life. 1757-1798. Philip Allan (1930) p. 27. 
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Webster assures us that he has in his possession some pounds weight 
of this “Metalline Liquor.” But it was not lead alone that was found 
in this way, for Erastus (quoted by Webster) says that he has in his pos- 
session some of this Gur “of an ironish colour, that may, like butter, be 
wrought with the fingers, from which notwithstanding hard and good 
iron may be extracted by the fire.” 

Boyle,'* quoting Gerhardus, says that “at Anneberge a blue water 
was found, when Silver was yet in its first being or Ens, which coagulated 
was reduced into the powder or Calx of fixed and good Silver.” With 
reference to gold and antimony, Paracelsus ** says these are to be found 
in their “Ens primum,” or first being, in the form of a red liquor or 
water which is afterwards coagulated and exalted into gold. This “Gur” 
is also described at length by Trebra.?® 

It is interesting to note that Paracelsus, who was perhaps the greatest 
of the later alchemists and who believed that the planets played a part 
in the development of metals in the earth’s crust, considered that this 
influence was effective only during the earliest stages of the metal’s 
development, before it had actually taken upon itself its true metallic 
nature. 


First we must know that every metal so long as it lieth hid in its first 
being, or ens, hath its peculiar stars. So gold hath the star of the sun, 
silver hath the star of the moon, &c. But so soon as they are come to 
their perfection and are coagulated into a fixed metallic body their 
stars recede from every one of them... whereby we may perceive 
that when the ore of lead is from its liquid and soft substance coagulated 
into an hard metallic body, then the star of Saturn doth leave it and 
so the rest; but it must be understood that when the star of an imper- 
fect metal hath left it hardened, that yet the star of gold or silver 
may operate in it to a greater perfection.17 


The idea set forth in this statement of Paracelsus will be referred to 
again later. 

As time went on, however, with a wider knowledge of the subject the 
belief that the metals were developed in the earth’s crust through influ- 
ences emanating from the several planets passed away. Indeed, Johann 
Joachim Becher ** (1635-1682), one of the most celebrated of the alche- 


4 Sceptical Chymist. London (Everyman’s Library) p. 192. 

1% Liber de Renovatione et Restauratione, p. 43, 44, 45. (See Thomas Sherley: A 
philosophical essay declaring the probable causes whence stones are produced in the 
greater world, etc. London. Printed for William Cademan at the Pope’s Head in the 
Lower Walk of the New Exchange (1672) p. 56. 

16 Erfahrungen iiber das Innere der Gebirge. Dessau and Leipzig (1785) p. 42, 43. 

17 Paracelsus taken from Webster’s Metallographa, p. 124. 

18 Chemisches Laboratorium. Frankfurt (1653) p. 89, 326. 

See also Fabius Colonne: Les Principes de la Nature ou de la Génération des Choses.” 
Paris (1781) p. 287. 
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mists of later times, and a somewhat unmannerly individual, did not 
hesitate to express in unmeasured terms his opinion of those who still 
held this, now discredited, theory: 


The Planetists however who wrongly assign to every metal or every 
mineral group some planet as its progenitor or generative cause, we 
dismiss offhand from consideration. Some of these, although other- 
wise persons worthy of respect are so barefaced that they do not hesi- 
tate to declare openly that they can see in the planet of each metal 
the colour of the metal and its chemical symbol. It is a wonder that 
they do not see a lion in the sun, the figure of a woman in Venus, or 
indeed wolves and salamanders which creatures have been assigned 
to represent certain minerals. I believe that what they have really 
seen were Donkeys, in that they have been looking at their own reflec- 


tions. 


Although Becher denied that the heavenly bodies had any influence 
on the development of metals, he believed, with Augurelli, that at the 
center of the earth there was a large vaulted space which was intensely 
hot on account of the ignition of great masses of sulphurous and bitu- 
minous materials which existed about it. This ignition took place owing 
to friction set up by rapid movement in these masses, but when ignited 
they probably did not burn with visible flames.*® The intense heat thus 
developed, acting on great volumes of saline water which, he believed, 
found access to this fiery center of the earth through fissures in the ocean 
bed, gave rise to immense volumes of steam and to vapors and exhalations 
of many kinds, all of which mingled in a raging, swirling, reverberating 
mass, constituting a metallic fiery chaos. Certain passages in Holy Writ 
led Becher to believe that this place of subterranean fire was really “Hell”, 
which, in the opinion of many learned theologians, was situated at the 
center of the earth, a conclusion which Becher says is supported by the 
consideration that the damned could not possibly be subjected to greater 
pain and torment than that they would experience in this dreadful place. 

Glauber,”° who discusses the same subject in the chapter on the origin 
of ore deposits in one of his books, expresses the opinion that if this is 
not the actual lake of fire prepared for sinners the latter must at least 
be situated somewhere in the immediate vicinity. 

Passing from these somewhat depressing theological considerations to 
the more cheerful and constructive geological aspects of the question, 
Becher expresses the opinion that under the influence of the intense pres- 


19 See also Milton, who was a contemporary of Becher: 
“A dungeon horrible on all sides round 
As one great furnace flam’d; yet from those flames 
No light, but rather darkness visible.’ 
—Paradise Lost. Book I, line 61. 


2 Operis Mineralis. Amsterdam. Pars I (1651) p. 17. 
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sures thus set up at the center of the earth steam, vapor, and exhalations 
of various kinds would be “sweated” out of the chaotic mass and forced 
through the pores and fissures in the walls of the earth’s great central 
vault, and thence outward through the body of the earth to its external 
surface. Some of these vapors—those of purer nature than the rest— 
would, condensing, appear at the earth’s surface as springs of clear, fresh 
water ; others, less pure, as saline springs; still others, partaking rather 
of the nature of fumes or exhalations, and having present in them a 
“metallic seed,” would condense in fissures and pores of the rocks through 
which they passed, in the form of metallic ores. 

Becher ** also holds that such being the origin of ores, these are to be 
found in ever increasing abundance in passing down into the depths of 
the earth, the exhalations from the central fires becoming progressively 
more abundant, richer, and more active as the center is approached. 


THE GOLDEN TREE 


This brings us to the conception of the “Golden Tree”, an idea which 
was present in the minds not only of many of the alchemists but which 
was believed to be true by many of the ancient miners as well. 

It is set forth in concise form by Johann Gottlob Lehmann,”? writing 
as late as 1753, as follows: 


I hold that the mineral veins which are opened up in mining are nothing 
but offshoots from an immense trunk which presumably goes down 
into the very depths of the earth and which, on account of its great 
distance from the surface, cannot be reached in mining operations. 
The great mineral veins are the larger boughs of this tree, the smaller 
ones the slender branches and twigs of these great metal-bearing 
boughs. This will not seem incredible to anyone who reflects upon the 
fact that all considerations point to the belief that it is in the inner- 
most parts of the earth that Nature has located the workshop wherein 
all metals are produced and that here she gives them their primitive 
form and that from thence as mists or vapours, like the sap in a tree, 
they rise through the minute fissures which correspond to the vascular 
structures of the wood and are carried up to the earth’s surface. 


There is a fine passage by Peter Martyr of Angleria ** (or Angliera) 
“a learned and grave councillor of Charles the Emperor fifth of that 


21 Physica Subterranea. Francofurti (1681) p. 88. 

2 Abhandlung von den Metall-Miittern und der Erzeugung der Metalle. Berlin (1753) 
p. 178. 

23 The History of Truayle in the West and East Indies and other countreys lying either 
way toward the fruitful and ryche Molucceas, gathered in parte and done into Englyshe 
by Richard Eden—Newly set in order, augmented and finished by Richard VVilles. 
Third Decade. Imprinted at London. 1577. 

See also George Meyer: Bergwercks Geschépff und Wunderbare Eigneschafft der 
Metalsfriichte. Leipzig. 1599. 
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name”, who, writing nearly one hundred years before Lehmann and 
shortly after the discovery of the Western World, sets forth the theory 
of the Golden Tree as exemplified by the mode of occurrence of gold in 
Hispaniola—that is to say, in Haiti. It runs as follows: 


There is also another region in Hispaniola named Cotoby, after the 
same name: this divideth the bounds of the provinces of Ubabo and 
Caibo. It hath mountaignes, vales and playnes: and because it is barren 
it is not muche inhabited. Yet it is richest in golde, for the originall 
of all the abundance of golde beginneth therein, insomuch that it is 
not gathered in small graines and sparkes as in other places: but is 
founde whole massie and pure among certain softe stones and in the 
vaynes of rockes, by breaking the stones whereof they folowe the 
vaynes of golde. They have founde by experience that the vayne of 
golde is a lyving tree and that by all wayes that it spreadeth and spring- 
eth from the roote by the softe pores and passages of the earth putting 
foorth branches even unto the uppermost part of the earth and ceaseth 
not untill it discover itself unto the open ayre: at which tyme it 
sheweth foorth certaine beautiful coulours in the steede of flowers, 
rounde stones of golden earth in the steede of fruites and thynne 
plates in steede of leaves. These are they which are disparcled through- 
out the whole island by the course of rivers. They say that the roote 
of the golden tree extendeth to the centre of the earth and that there 
taketh noorishment of increase. For the deeper they dygge they fynde 
the trunks thereof to be so much the greater, as far as they may follow 
it for the abundance of water springing in the mountains. Of the 
branches of this tree they fynde some as small as a thread and others 
so bigge as a man’s finger according to the largeness or straightness 
of the ryftes and clyftes. They have sometimes chaunced upon whole 
eaves susteigned and borne up as it were with golden pyllers, and thus 
in the wayes by which the branches ascend: the which being fylled with 
the substance of the trunk creeping up from beneath, the branch mak- 
ing it selyf waye by which it may pass out. It is oftentymes divided 
by encountering some kind of stone: yet it is in clyftes noorished by 
the exhalations of the roote. 


It is a pretty conception, that of the leaves and spangles of native gold 
as parts of the foliage of a golden tree growing up from the center of the 
earth and the nuggets of alluvial gold as its fruit washed down into the 
streams from its outcropping twigs or branches, the whole tree deriving 
the material for its growth from auriferous vapors and exhalations em- 
anating from the deep central portion of the earth where the tree is 
rooted. 

Glauber ** also speaks in similar terms of the arrangement of the 


'% Operis Mineralis. Pars II. De Ortu et Origine omnium Metallorum ¢€ Mineralium. 
Amsterdam. 1652. 
See also Krautermann, Valentinus: Der accurate Schneider ¢ kiindstliche Probirer. 
Frankfurt and Leipzig. 1717. 
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metallic veins in the earth resembling a tree with its branches growing 
up from the center of the earth. 

Konig *®* also refers to a certain mineral deposit which in form was 
like the branch of a tall slender tree, and after further discussion of the 
subject says: 


Wherefore we reach the conclusion that metals and other minerals are 
subterranean plants having their birth within the earth. 


The frontispiece of Becher’s Natur Kiindigung der Metallen (Frank- 
furt, 1705) presents an interesting allegorical picture of this metallic 
tree. (PI. 41, A.) 

The rays from the sun above are beating down on the roots of the 
tree. They bear the inscription “Gigno” (I beget). The trunk of the 
tree is inscribed with the word “Concipio” (I conceive). In the foliage 
of the tree are seen the signs of the metals—gold, silver, mercury, copper, 
tin, and iron. The alchemical signs for sulphur and salt are in the 
earth at its roots. At the foot of the tree on either side stand two fig- 
ures—on the right that of a young man resting on his spade, which bears 
the word “Elaboro” (I obtain by labor) ; on the left that of an old man 
scantily clothed, who has lost one leg and is supporting himself on a crutch 
with one hand, while in the other he holds a pot from which he is watering 
the ground about the foot of the tree. This pot bears the symbol as- 
signed by the alchemists to the metal, lead. This figure represents the 
god, Saturn, the planet bearing whose name was always coupled with the 
metal, lead, in the writings of the alchemists. That this is the true 
interpretation of the figure is seen from the fact that essentially the same 
figure appears on page 26 in Becher’s Parnassi Illustrati, Pars III, 
Mineralogia published at Ulm in 1662. Here, the old man is leaning on 
a scythe instead of a crutch, while over his head appears the word 
“Saturnus.” This attribute apparently takes the place of the pruning 
knife with which the god is often represented as being the patron of 
agriculture ; he is also regarded as a deity of the nether world. From an 
examination of the accompanying text, which is couched in alchemical 
phraseology, it may be gathered that the figure is intended to represent 
the idea that water passing downward from the earth’s surface and con- 
taining the “besonder Geist” of the “imperfect” metal, lead—not itself 
represented in the branches of the tree—is met by uprising exhalations 
containing the alchemical elements, salt and sulphur, and from this 
union, under the stimulus of the heavenly influence the tree grows, and 
by a subtle alchemy the baser and “imperfect” metal is elaborated or 
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“matured” into the higher and more perfect ones, among which are silver 
and gold. This conception of the elaboration or development of the base 
into the noble metals will be referred to again later. 


F. D. ADAMS—ORIGIN AND NATURE OF ORE DEPOSITS 


THE “SEED OF METALS” 


Among the men of learning who busied themselves with the study of 
metals and metallic ores there were many who held that these bodies, 
having once come into existence, in whatsoever manner it might be, were 
endowed with the power of growth and propagation. The belief that 
metals grew and propagated themselves within the earth’s crust was 
held as far back as the time of the ancient Greeks. Anaxagoras taught 
it, and Agatharchides refers to gold as spreading itself through the earth’s 
crust like the roots of trees. Theophrastus and Dionysius refer to metal- 
lic veins in the same terms, and not a few others speak of the metals as 
hidden subterranean plants.** 

All through the 16th, the 17th, and the 18th centuries, there was keen 
controversy with reference to the manner in which this growth took place. 

On one side were those whose position might be stated as follows: 
There are three kingdoms in nature—the animal, the vegetable, and the 
mineral. The animal kindom displays terrestrial life in its highest 
development; the vegetable kingdom manifests life of a lower type; the 
members of the mineral kingdom are also alive, although their life is on 
a still lower plane and, indeed, quite rudimentary in character. 

The members of the two higher kingdoms have the power of propagating 
themselves, which they do by “seeds” given off from their own bodies. 
Arguing by analogy, it must be believed that the species of the mineral 
kingdom, metals, ores, and other “stones”, propagate themselves by 
“seeds” also, although these are so small that they cannot actually be 
seen. The several metals, therefore, have their “metalline seeds” by 
means of which they reproduce their respective species. 

On the other hand, there were those who stoutly denied that the mem- 
bers of the mineral kingdom had any life or that they possessed “seeds.” 
This controversy was carried on with much ingenuity and with great vigor. 
Of the first group the great Cardanus was a member. 

Among the earliest writers who supported the view that metals and 
metallic minerals propagated themselves by seeds was Bernard Palissy,?’ 


2% See Blasius Caryophilus: De Antiquis Auri, Argenti, Stanni Aeris, Ferri, Plumbique 
Fodinis. Viennae, Pragae et Tergesti (1757) p. 126. 

2 Discours admirables de la Nature des Eaux et des Fonteines tant naturelles qu’arti- 
ficelles, des Metauz, des Sels & Salines, €c. Paris (1580) p. 122, 134. 
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ILLUSTRATIONS IN EARLY WORKS ON ORE DEPOSITS 


A. Representation of the Metallic Tree which was supposed to be rooted at the earth’s 
center and of which the mineral veins appearing at the earth’s surface 
are the twigs and branches. (From Becher) 


B. Man killed by poisonous vapors issuing from a cave in the vicinity of rich mineral veins, 
during astorm. (From Claus Magnus) 


C. ‘*Witterung’’ (w) rising from the outcrop of a rich vein (g). The poorer vein adjacent to 
it shows no ‘‘witterung.”’ (From Calbus) 


D. ‘“Witterung’”’ (w) rising through the morning mist (n) from outcrops of two rich veins (9). 
(From Calbus) 
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the renowned potter, who describes the occurrence of pyrites in the form 
of little crystals or concretions in a clay bed. Their mode of occurrence 
was such that it was certain that they had been deposited there from 
water, but their seed, he says, was evidently liquid and could not be seen. 

Thomas Sherley,?* “Physician in Ordinary to his Majesty,” wrote a 
book on the subject, in which he sets forth and develops at length the 
thesis that all stones and metals have their seeds from which they grow, 
as in the two other kingdoms of Nature—the vegetable and the animal. 
The seed, however, is an invisible one, and is often present in vapors which 
rise from the center of the earth. His thesis of the development of this 
invisible seed into the visible, or native, metal he supports by quota- 
tions from many illustrious authorities. “The Seeds,” he says, “having 
gotten themselves Matrices in the Earth and Rocks (according to the 
appointment of God and Nature) acting on water with which they come 
into contact, by a process analogous to that which takes place when the 
seeds of plants are moistened, commence to sprout, transmuting this water 
into a ‘mineral juice’ called Bur or Gur from which by degrees it formeth 
Metals.” 

Webster,”® a supporter of this same view, in his Metallographa, which 
is one of the best books which has been written on these ancient opinions, 
propounds the question: “If Nature (as is most probable) contains in 
her Cabinet the secret seed of Minerals, why may she not, meeting with 
fit matter and adjuvant causes, have these small seminary particles stirred 
up and put into motion, grow up and expand themselves in the manner 
of plants and by taking on new matter grow and increase?” 

Jorden *° (“Our learned and ingenious countryman, Dr. Jorden” as 
Webster calls him) waxes indignant at those who deny that metals “vege- 
tate.” “What prerogative” he says “have Vegetables above Metals, that 
God should put seed into them and undeservedly exclude these? Are not 
Metals of the same dignity with God that Trees are?” 

The members of the other group, however, vigorously opposed this view. 
Among them was Aubertus ** who, writing as early as 1575, inveighed 
against Cardanus and all his followers in most unmannerly language— 
displaying the contempt felt by a man who employs the keen weapon of 


234 Philosophical Essay, declaring the Probable Causes whence Stones are produced 
in the Greater World. London. 1672. 

29 Metallographa or an History of Metals. London (1671) p. 70. 

See also Boyle: The Sceptical Chymist. London. (Everyman’s Library) p. 194, 202. 

*% Jorden, Edw.: A Discourse of Natural Bathes and Mineral Waters. WUondon (1669) 
p. 51. 

%1 Aubertus, Jacobus: De Metallorum Ortu et Causis contra Chemistas brevis et dilu- 
cida explicatio.” Lugduni (1575) p. 53. 
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logic alone, in solving all the problems presented by the natural world, 
for the man who begrimes himself by resorting to the hard labors of ob- 
servation and experiment. He calls the “experimental chemists” (alche- 
mists) of his day “charcoal burners”, “ash blowers”, “smoke swallowers”, 
and a number of even more opprobrious names. “Cardanus” he says 
“thinks metals are alive, but it is clear to anyone who has any brains, 
that this is pure madness, the dream of a mere fanatic. If Cardanus is 
still alive he ought to have a dose of hellebore.” 

Quercetanus,*? who takes up the cudgels on behalf of the chemists, after 
some gracious talk about the greatness of the science, remarks: “But I 
return to Aubertus, I do not know that this man can be better compared 
with anyone than with that famous Phormio to whom Hannibal said, 
when they were discussing certain military affairs, that he had seen many 
old men in delirium but had never seen one who could rave better than 
he did.” The whole is quite reminiscent of many of the theological con- 
troversies of the time. 

Long afterwards, Oxford said the same thing to Robert Boyle,** that 
chemistry was no proper avocation for a gentleman; but Boyle thought 
otherwise, and the “brother of the Earl of Cork” became the father of 
scientific chemistry. 

The next forward step was the recognition of the fact that whatever 
might be the genetic processes which resulted in the appearance of metals 
and metallic ores, there were certain situations or places which were more 
favorable to their development than others. 

These were referred to as the Matrices, or Wombs, of the metals. Leh- 
mann,** who is one of the best known exponents of this view, although 
his book is largely a translation of Hoffmann’s De Matricibus Metallorum, 
calls them the “Mothers of the Metals” and classifies and describes them 
in his book. He states that—notwithstanding the opinions of many of 
the older writers—although metallic particles may exist which are so 
extremely minute that they may be diffused through the air, he does not 
believe that these become aggregated into metallic masses in the air, 
so that this element is not to be regarded as a “Metalmiitter.” Neither 
does he believe that the bodies of animals or of plants act as “mothers 


2 Ad Jacobi Auberti Vindonis de Ortu et Causis Metallorum contra Chymicos Ezplica- 

tionem. 
Josephi Quercetani Armenaci: D. Medici brevis Responsio. Lugduni. 1575. 

33 D’Arcy Thompson in The Legacy of Greece. Oxford, Clarendon Press (1922) p. 143. 

% Lehmann, Johann Gottlob: Abhandlung von den Metal-Miittern und der Erzeugung 
der Metalle. Berlin. 1573. 

Also Examen de la question: Si les mines se forment ou croissent encore journelle- 
ment dans la sein de la Terre? in Traité de Physique, Paris, tome I (1759) p. 380. 
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of metals.” These “Matrices” are to be found, however, in many places 
and under many different conditions in the earth’s crust. They are also 
common in the “Sahlbinde” of veins; that is, in the rocks bordering 
the veins on either side, into which the vapors, rising through the fissure 
which, when filled, constitutes the vein, have penetrated and deposited 
their metallic content. 

He also describes various cases where fossiliferous and other lime- 
stones, as well as sandstones, have acted as matrices for the deposition 
of ores, and illustrates these by numerous figures. 

There is an interesting discussion of the question of the growth of 
metals, metallic ores, and other minerals by the great chemist, the Hon. 
Robert Boyle, in his well-known work, The Sceptical Chymist, which ap- 
peared in 1661, when alchemy was losing its hold on men’s minds, and 
chemistry was being born. 

Boyle was one of the founders of the Royal Society of London and, 
later, its President, and this book was written to uphold the method of 
observation and experiment as the only means of arriving at a true 
understanding of nature, as opposed to the dialectic subtleties of the 
Schoolmen or the “dark writings” of the alchemists of his day. Yet 
even he was unable at this late date to free himself entirely from the 
thought that possibly there might be something of truth in Aristotle’s 
teaching concerning the four elements and the transmutation of these 
into one another. He describes the experiment carried out by the re- 
nowned alchemist, Helmont, who took 200 pounds of earth which had been 
baked dry in an oven, and having placed this in a vessel, planted in it 
a small willow which weighed five pounds. This he watered, as need 
required, with rain or distilled water. At the end of five years he took 
the tree out and found it to weigh 169 pounds, while the earth, after 
being once more baked, was found to weigh 200 pounds less two ounces. 
It would seem difficult, therefore, he thought, to avoid reaching the con- 
clusion that the tree had grown by transforming the water into its own 
vegetable tissue, wood, and bark. Boyle then describes some similar ex- 
periments of his own “concerning the growth of pompious mint and other 
vegetables,” which grew freely and to a large size when placed in vessels 
containing pure water only. 

Boyle then passes to the consideration of the third kingdom of nature 
and proceeds to give examples of the transmutation of water into various 
mineral bodies. Instances of this, he states, can be observed in many 
places. Stones can be seen growing from water dripping from the roofs 
of many caverns. Furthermore, “That soher relator of his voyages, 
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Van Linschoten, informs us that in the diamond mines in the East Indies 
when having digged the earth they find the diamonds and take them 
quite away; yet in a very few years they find in the same place new 
diamonds produced there since.” Fallopius relates how in sulphur mines 
exactly the same phenomenon is observed. 

The continuous growth of iron ore in the mines on the island of Ilva 
(i. e., Elba) off the coast of Italy is referred to by Pliny, Strabo, Agricola, 
Fallopius, Baccius, and a host of other writers. Agricola also states 
that at a town called Saga, in Germany, they dig up iron ore in the fields 
by sinking ditches two feet deep, which in the space of ten years become 
filled with iron ore which is again dug out, and the ditches become refilled 
with iron ore at the end of another ten years. 

“This occurrence,” says Boyle,®* “is very notable because from thence 
we may deduce that earth, by a metallic plastick principle latent in it, 
may be in processe of time changed into a metal.” Indeed, that metals 
and metallic ores grew through the transmutation of earth and water 
was a widely accepted belief at the time. 

A striking example of this phenomenon, was the growth of pure metal- 
lic silver in arborescent forms resembling the twigs and leaves of plants 
on the walls or timbers in certain old abandoned mines, observed by Dr. 
Schreter in the Joachim Valley where “silver in the manner and fashion 
of grass had grown out of the stones of the mine as from a root, in length 
of a finger these veins being very pleasant to behold.” There was on 
record also a “mighty stone or lump, which stood in the middle of a 
cleft, in shew like an armed man but consisted of pure fine silver, having 
no Vein or Ore by it, but stood there free, which lump held in weight 
above 1,000 marks which according to the Dutch account makes 500 
pounds weight of fine silver.” ** 

Barba in his Art of Metals *’ says: 

All of us know that in the rich hill at Potosi the stones, which divers 
years we have left behind us, thinking there was not Plate enough in 
them to make it worth our Labour, we now bring home and find abun- 
dance of Plate in them, which can be attributed to nothing but the per- 
petual generation of Silver. 


Boyle ** also stated that he had been informed by several men having 
had long experience in the concentration of tin ores in Cornwall, that 


% Boyle, Robert: The Sceptical Chymist. London. (Everyman’s Library) p. 191. 

% Quoted from Webster, op. cit., p. 44. 

* The Art of Metals. Translated by the Earl of Sandwich. London (1669) p. 49. 

%8 Boyle, Robert: Observations about the Growth of Metals in their ore exposed to the 
air. London. 1674. 
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the ore as it came from the mine was stamped to a fine powder and its 
cassiterite (which was known as black tin) was separated from it by care- 
ful and repeated jigging and washing, and the exhausted tailings were 
then thrown aside. But that, if after the lapse of a number of years 
these tailings were washed over again, more tin could be extracted from 
them. Boyle suggested to the miner that probably the ore had not been 
treated with sufficient care in the first instance, and that some tin had 
been left in the tailings by the former operators. The miner, however, 
replied that it was a well known fact that the workmen in former times 
used the greatest care and skill in their treatment of these ores and 
effected a much more complete separation of the tin from them than that 
which was secured by the workers in Boyle’s time, but that notwith- 
standing this, when the old tailings were worked over again, more tin 
could be, and was, separated from them. Tin ore it seemed had grown 
anew in the refuse material. 

It is interesting to note in this connection that shortly after it was 
formed, the Royal Society of London decided to have a questionnaire 
drawn up and sent to the managers of a large number of mines in various 
parts of Europe, in order to obtain further information than was then 
available with reference to many questions concerning the nature and 
mode of occurrence of ores and other minerals, and Boyle was appointed 
by the Society to draw up the questions to be submitted. Among these 
questions the following appears, evidently asked in order to ascertain 
whether this statement of the Cornish miners was supported by the ex- 
perience obtained in other mining areas: *° 

Whether it be observed that the Ore in tract of time may be brought 
to afford any Silver or Gold which it doth not afford or more than it 
would afford if it were not so ripe? 

Whether it have been found that the Metalline part of the vein grows 

so that some part of the mine will afford one or more metal in tract 
of time, that it did not so before? 

And whether to the Maturation of the Mine, the being exposed to the 

free air be necessary, or whether at least it conduce to the acceleration 
of it or otherwise. 


A still more remarkable story of the spontaneous generation of metals— 
in this case, gold—is one which is met with again and again in the works 
of the ancient writers who treat of this subject—namely, that of the 
growth of gold among the vines in the Hungarian vineyards. 

The alchemist, Libavius, says that in the vineyards of Pannonia, near 
the city of Firmicum, little sprigs of metallic gold grow out of the 


® Roy. Soc. London, Phil. Trans., vol. 1 (1655-66) p. 328. 


394  F. D. ADAMS—ORIGIN: AND NATURE OF ORE DEPOSITS 


ground and that these are gathered and coined into money—“Certain 
other and faith-worthy authors have testified that nearer Germany be- 
tween Danubius, there are vines which do sprout forth little branches and 
for the most part whitish leaves, of pure gold which are given to Kings 
and Chief Commanders as a rare gift.” * 

Huber in his doctor’s thesis entitled De Auro Vegetabili Pannoniae, 
submitted to the University of Halle in 1573, presents a comprehensive 
study of the literature of this subject, gives a description of the occurrence, 
and sets forth his conclusions with reference to this remarkable phe- 
nomenon. 


And just as in these places there are growing plants, members of the 
Vegetable Kingdom, so not infrequently, by a natural spectacle which 
is altogether wonderful and delightful, it comes to pass that gold, as 
if joined with these vegetable growths by a bond of consanguinity, 
laying aside, as it were, its own metallic character, grows after the 
fashion of plants out of the same lap of Mother Earth. Between the 
gold and the vine, indeed, these observers relate that there exists so 
close an intercourse: that the gold not only embraces the vine exter- 
nally under the forur of threads after the fashion of a climbing plant: 
but that even the vine sometimes puts forth little shoots and tendrils 
of pure gold, sometimes little berries of the same metal between its 
leaves. Gold is found intimately associated not only with the vine 
but with other vegetable growths: occurring either twisted up in various 
manners with their roots, or else growing near them in the form of 
little strings or threads. And this species of gold springing after the 
manner of vegetable growths, or the midst of them, we designate by 
the name of Vegetable Gold. 


Toward the close of this quaint thesis, the author, in discussing the 
probable origin of the gold, gives it as his opinion that the metal was 
brought into being about the roots of the vine, “by the same living prin- 
ciples as the vine itself”, and that it was drawn up, along with the nutri- 
tive sap, through the little vessels of the root, and carried along with 
the sap into the stem, and that there finally, through the coming together 
of the molecules of the gold, it had become aggregated into the forms 
above described. 

This idea that metals and their ores grow, in a manner analogous to 
plants, lingered on into the early years of the 19th century, being held 
by Buffon,** Faujas St. Fond,‘ and Fourcroy. 


«© Webster, John: An History of Metals. London (1671) p. 56. 
“1 Histoire Naturelle des Mineraur. Paris, tome I (1749) p. 10. 
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THE “MATURING” OF THE BASER METALS INTO GOLD 


Not only was it the general opinion that the metals and their ores 
grew and increased in the earth’s crust by a process analogous to that 
seen in the vegetable kingdom—that is, by virtue of their “metalline 
seed”—but it was the almost unanimous opinion of the alchemists, and 
one which was generally shared by other writers on mineral deposits, 
that within the earth’s crust the baser metals were continually under- 
going a gradual transmutation or change into nobler metals, and that it 
was the “aim of Nature” ultimately to transform all metals into gold, 
which aim in due time was attained in all cases where the metallic ores 
had been developed in suitable “matrices” and when sufficient time had 
elapsed to allow this change to be completed. Thus, for instance, lead 
gradually in the course of years changed to silver, and silver into gold. 
When lead ores, as is often the case, were found to contain more or less 
silver, they were regarded as presenting an instance of such a trans- 
mutation not yet completed. When assays showed silver ore to contain 
some gold, these were regarded as occurrences in which the former metal 
was in the act of changing into gold, although it was not as yet fully 
“matured” or “ripened”, as the alchemists said, into that metal, the 
final product of this universal process of transmutation. This was in 
agreement with Aristotle’s statement ** that “Nature always strives 
after the better.” 

Aristotle believed that it was possible for one metal to change into 
another, and Avicenna,** writing about 1022, seems to have taught this 
transmutation in some of his works, although he denies its possibility 


in others. 
Gabriel Frascatus *° in 1575 set forth his belief that the baser metals 


gradually “mature” into the nobler ones: 


In the earth the heat is not everywhere of equal intensity—and as 
this heat is the agent which “matures” the metals, different metals are 
found in different places in the earth according to the intensity and 
duration of the heat to which they have been submitted. But since 
Gold is what in the first instance is (really) aimed at by nature—as 
being the perfection and the ultimate endeavour in the way of metals— 
and since Silver is next in order to Gold: not only is each always found 
intermingled with the other, but also both are wont to lie hidden in 
all the other metals, even if it be only in minute quantity, these being 


43 De Generatione et Corruptione. Book II. 
“ See E. J. Holmyard: Avicennae de Congelatione et Conglutinatione Lapidium. Paris 
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as it were the nursery or seed plot of the wished for offspring. On this : 
account it has been noticed that, not only in the long lapse of years is pure 
silver transmuted to some slight extent into gold, but also lead is 
changed into silver. 


Ludovicus,** writing at the opening of the next century, gives it as his 
opinion that it is erroneous to say that each metal “has its own primary 
principal”; i. e., that each is a separate element in the modern sense 
of the term. This “is contrary to nature and to experience.” Metals 
are gradually matured by heat, passing through successive lower forms 
and eventually becoming gold. There are “mature metals and immature 
metals, breathing metals and expiring metals.” He goes on to say that 
Zacherus and Roger Bacon, “highly skilled philosophers,” record that a 
certain mine of silver, which had been closed and remained closed for 
thirty years, when opened up once again was found to have become a 
gold-bearing mine. 

Later in the same century the renowed alchemist, Glauber,*’ states 
that there is a continuous transformation of the baser into the nobler 
metals going forward in nature, which in the course of time will result 
in the final passage of all these into gold. Hence it is that miners, when 
they come upon some mineral substance which is still “immature” or 
“unripe”—bismuth, for example, or cobalt or zinc—and assaying it for 
silver find that there is in it none of the precious metal, always say that 
they have opened up the vein too soon and before it had reached maturity. 
If, however, some years later, they resume work on this ore body which, 
in the meanwhile, has been exposed to the air, they frequently find that 
it is now quite rich in silver. 

It was, indeed, the aim of the alchemists, believing firmly that this 
transmutation of the baser into the nobler was taking place in all parts 
of the earth’s crust where the conditions are favorable, to bring about 
in their laboratories the same transmutation of the baser metals into 
gold, but to carry out the change more rapidly. 

Although this belief in a progressive change within the earth’s crust of 
the baser metals into gold was, as has been said, held by the alchemists as 
far back at least as the 15th century, it was evidently also held and 
handed down by successive generations of miners in Europe from early 
times. It is set forth in the earliest book on ores and ore deposits, 
printed in Europe, which is probably the earliest treatise dealing 
exclusively with this subject in any language. It is a small octavo 
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volume of 24 unnumbered leaves, in old German. The second edition 
bears the following title : “Eyn wolgeordnet unt niitzlich buchlin, wie man 
Bergwerck suchen und finden sol, von allerley Metall, mit seinen figuren 
nach gelegenheyt dess gebirgs artlich angezeygt. Mit anhangenden Berct- 
namen den anfahrenden bergleuten vast dinstlich.” 

Like many treatises of this period it is written in the form of a dia- 
logue; in this case, one between a Master Miner and his apprentice 
(“Knabe”) in which the former explains to the latter the mode of occur- 
rence of ore deposits, and the way in which they originate. 

The author’s name is not stated in the book, but it is now established 
beyond doubt that it was written by Ulrich Riilein von Kalbe, who in 
1497 was Stadtirzt in Freiberg and later became Biirgermeister of this 
city, just as Agricola was a Stadtirzt in the old mining town of Joachims- 
thal and later Biirgermeister of Chemnitz. Agricola mentions the book 
by Kalbus (or Calbus) in his De Re Metallica, the first edition of which 
appeared in 1556. 

The first edition of this work by Calbus is undated, but it was pub- 
lished about the year 1505. Of this edition only two copies are known 
to have survived. One of these is at the Bibliothéque Nationale in Paris 
and the other in the library at Augsburg. A second edition was pub- 
lished in 1518 at Worms, of which, so far as is known, only four copies 
have survived, one of which is in the Royal Library at Dresden, a second 
in the State Library at Miinich, a third (imperfect) in the library of 
the Freiberg School of Mines, and the fourth in the possession of the 
writer. Other editions appeared in 1527, 1534 and 1539.* 

In discussing the origin of ore deposits this little book shows in a most 
interesting manner how, by the close of the 15th century, among the 
mining fraternity in Europe the views of Aristotle had become modified 
by or, rather, interwoven with the later teachings of the astrologers and 
alchemists. 

The influences emanating from the heavenly bodies, according to Cal- 
bus, pass down into the depths of the earth, following more especially 
cracks and fissures in the surface which are favorably oriented with 
reference to the courses of these celestial bodies to receive these emana- 
tions. Each planet develops its own respective metal. 

These influences, passing down into the depths of the earth, give rise 
to the Aristotelian “exhalations,” and the latter, passing upward toward 
the earth’s surface, develop and deposit metals or metallic ores in the 
rocks or rock fissures through which they take their course. 


See Darmstaedter: Berg, Probir und Kunstbiichlein. Miinchen. 1921. 
See also the Hoover translation of Agricola’s De Re Metallica (appendix). 
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The metallic bodies so-formed, having once come into existence, are 
not only fed and increased by these exhalations but are by them “matured”, 
that is to say, gradually developed or transmuted into the ores of the 
nobler metals and eventually into metallic gold. But when gold has 
been so produced, should these powerful exhalations continue to pass 
through the deposit thus “brought to perfection,” they will gradually de- 
stroy the gold which they have produced, leaving eventually a reddish 
earthy residue in which, perchance, a few flakes of gold survive, repre- 
senting, in fact, what we now know to be the gossan outcrop of a vein, 
oxidized by the atmosphere and presenting a “weathered” surface in our 
present acceptance of the term. 

The book is illustrated by a number of quaint woodcuts, and in certain 
of these, representing the outcrops of mineral veins, curious wreathlike 
forms are shown in the air above the vein, apparently rising from these 
outcrops. These are stated in the text to represent “witterung.” Two 
of these woodcuts are reproduced in Plate 41, C and D. Witterung is 
clearly not used in its modern sense of “weathering” but in another sense 
which is now obsolete. In this latter sense it is frequently found in works 
dealing with mining, written in the 16th, the 17th and even in the 18th 
centuries, and was evidently a term current among German miners in 
very early times. 

Berwardum *° defines it as follows: 

(1) A name given by miners to the natural heat which disintegrates 
and wastes away metals and especially ores when they have reached 
their “perfection.” 

(2) The vapour or exhalation which at times rises out of the earth 
from rich veins. 


Hubner © gives the following definition: 


(1) The vapour which sometimes and especially after rain rises into 
the atmosphere from rich veins and presents a fire-like appearance. 

(2) The natural or subterranean heat, which brings ores to their “per- 
fection,’ and when they have reached this condition wastes them 
away again. 


It is also referred to by Glauber,** who says that “Witterung” or “Corus- 
catio” is a bluish lambent flame often associated with sulphurous vapors, 


“Interpres Phraseologiae Metallurgicae. Franckfurt am Mayn. 1684. 
5% Natur-Kunst-Berg-Gewerb und Handlungs Lexicon. Leipzig. 1792. 
61 Glauber: op. cit., p. 28. 
See also Theobaldus, Zach.: Arcana Naturae. Nurnberg. 1627, and Ludovicus, 
Ferd.: Pyrotechnia Sublimis. Vienna. 1778. The latter author speaks of veins of 
mercury ore as often overshadowed by a dense cloud at their outcrop. 
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which may be taken as indisputable evidence of the presence of mineral 
veins, and which, when it comes to the surface, causes the grass in the 
vicinity to become scanty in growth and the trees to assume stunted 
forms and to put forth fewer leaves and of a paler color than others in 
the district. 

According to Melzern® the fact that when spring is coming the 
snow disappears from the land about the S. Georgen Mine much sooner 
than it does elsewhere in the vicinity, is undoubtedly due to the “wit- 
terung” rising from its ore bodies. 

Olaus Magnus ** speaks of the terrible thunder and lightning which 
are experienced in mountains which contain mineral veins, caused by 
sulphurous and other exhalations which issue from caves in these moun- 
tains. The exhalations are extremely poisonous in character, and in 
his book there is a woodcut showing such a storm on one of these moun- 
tains and a man who has been killed by the exhalations (Plate 41, B). 

The “witterung” then, represented in these illustrations from the 
treatise by Calbus and shown as issuing from certain mineral veins, con- 
veys in a striking manner the idea held by the miners of those early 
times that the ores which they found in the veins worked by them, origi- 
nated in exhalations of some kind, rising from the depths of the earth 
through the cracks and fissures. The foul air which often accumulated 
in these old mines, was considered by the miners as due to such exhala- 
tions escaping from the ore bodies on which they were at work. 

It is interesting to note that the belief in this phenomenon of “witte- 
rung” or “auswitterung” gradually passed away toward the close of the 
18th century. 

Thus, in the textbook prepared for the classes in mining at the Mining 
Academy at Freiberg and published in 1772," the following passage 
appears : 

A certain more or less doubtful indication of the presence of mineral 
veins is afforded by auswitterung. This is seen usually at dawn in 
hot weather, as a vapour rising from the outcrop of certain veins. It is 
also noted that where this appears the hoar frost is lighter, the snow 
melts earlier and the grass comes to maturity more quickly, than over 
the country rock which underlies the vein. 


Trebra,®* writing in 1785, refers to “The phenomenon which the miners 
call Auswitterung, the appearance of flames, sometimes small and at 


8 Beschreibung der Stadt Schneebergt. Schneebergt. 1684. 

83 Historia Olai Magni Gothi Archiepiscopi Upsalensis de Gentium Septentriorialium 
variis conditionibus éc. Basel. Book 6, chap. 11 (1567). 

& Kern, J. G.: Bercht von Bergbau. Freiberg (1772) p. 29. 

& Erfahrungen von Innern der Gebrige. Dessau and Leipzig (1785) p. 41. 
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other times large, which according to their description resemble the 
lambent flame of burning alcohol. Although I have never seen it my- 
self, this appearance of flames according to the testimony of trustworthy 
people, can be seen at times on sultry mornings or evenings, on the sur- 
face, or in the mines playing about the exposed portions of veins which 
hold rich ores—such an ‘auswitterung’ was seen in August 1776 in the 
dim light of early morning by a mine foreman called Schreiber at a 
certain place on a mountain slope at Marienberg, where a few years later 
a deposit of very rich silver ore was discovered.” 
Werner,** however, a few years later says: 
After 30 years of careful observation and research I find that there is 
no reliance whatsoever to be placed on the signs indicating the existence 
of ore bodies which were believed in by the miners in old times, such as 
the “witterungen” or appearance of lambent flames accompanied by 
the melting of the snows and the stunted growth of trees at places 
where this was to be observed. The old generation of miners, which 
has now for the most part passed away, had many remarkable stories 
to tell about these things but now these phenomena are never seen and 
people have almost ceased to mention them. They have taken their 
place with the Gnomes and Kobalts who have vanished away to make 
place for realities. 


The present writer when at Goslar in 1931 had a conversation with an 
intelligent old miner, who, having worked in the Rammelsberg mines 
ever since he was a boy, had been appointed by the authorities to conduct 
visitors through that portion of the mines now open to the public. When 
shown the illustration in Kalbe’s book, he said that he had never heard 
of the term “witterung”, nor did he know what the cuts were intended 
to represent. It would seem, therefore, that among the miners in the 
Rammelsberg, where the ore body has been worked for the past 1,000 
years and where at one time “witterung” was believed in by every miner, 
the very word itself has passed out of knowledge. 


THE VULGAR OPINION 


As far back as the 16th century,®** and probably much earlier, there 
were some people who held the opinion that the world was created just as 
we now see it, and that neither it nor any of its constituent parts had 
undergone any change or development since it was brought into being 
by the word of the Creator. These were the Fundamentalists of their 


% Neue Theorie von der Entstehung der Ginge. Freiberg (1791) p. 185. 
5? See Palissy, Bernard: Discours Admirable de la Natur des Eauz et Fonteines éc. 
Paris (1580) p. 195. 
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time. They based their beliefs, if such they can be called, upon what 
they held to be the simple and direct teaching of certain passages in 
Scripture, notably the opening words of Genesis “In the beginning God 
created the Heaven and the Earth”, combined in most cases with a com- 
plete ignorance of the “lessons” to be drawn from the “sermons in stones” 
which are preached on every mountain side. 

Agricola, the “Father of Mineralogy”, states that there was in his 
time a wide diversity of opinion concerning the origin of ore deposits. 
The philosophers, the alchemists, and the astrologers, offered different ex- 
planations, while the “common people” had still other views. The 
opinions of these latter, he says, are so amusing and fanciful that one 
can scarcely listen to them with patience. They run directly contrary 
to all experience and observation. They are briefly as follows: Not only 
the country rock but also the mineral veins which cut them, with their 
ores and accompanying gangue minerals, were created by God just as we 
see them at present. No similar deposits are now being formed in the 
earth’s crust, and the Creator has endowed Nature with no power to con- 
tinue their production. To see that this view is entirely untenable (he 
goes on to say), it is only necessary to visit a few mines, for there one 
can see that the growth of rock is actually taking place at the present 
time, as shown by the development of new material on the walls or roof. 
Here, he probably refers to movements now known to be due to pressure. 
Iron ores can also be actually seen to be in the course of deposition in 
the island of Elba and elsewhere. 

Franciscus Rueus,** in his interesting book written some twenty years 
after Agricola’s work appeared, endeavors by an ingenious explanation 
of the sacred text to reconcile the theories of instantaneous creation and of 
development, giving it as his opinion, as well as that of other learned 
writers, that the statement with which the account of the creation in 
Genesis opens, is not to be interpreted as meaning that “in the beginning” 
the earth and all that therein is was brought into existence in their com- 
pleted form in an instant of time, but rather that when the divine decree 
went forth that they should come into being, this edict constituted “crea- 
tion.” Some things at once appeared in their final and perfect form; 
others in their principles and beginnings, these to reach their completed 
growth as time went on, through the action of secondary causes, which 
were also put in operation by the creative act. 

In his opposition to the views of the common people, Agricola is also 
supported by the Italian writer, Marco Antonio della Frata et Montal- 


58 De Gemmis. Tiguri (1556) p. 2. 


402 FF. D. ADAMS—ORIGIN AND NATURE OF ORE DEPOSITS 


bino *® who says, in one of the most important of the early books on 

mining: 
At the command “Let the Earth bring forth her increase,” not only 
did all plants instantly appear but there was also given to gold, silver 
and the other metals the “vegetative” power, whereby they also could 
reproduce themselves. For since it was impossibe for God to make 
anything that was not perfect he gave to all created things, with their 
being, the power of multiplication. 


Albara Alonso Barba,” the Spaniard, also, after referring to certain dif- 
ferences of opinion between authors concerning the generation of the 
various metals, says: 


Many to avoid Disputes of this Nature, do hold with the Vulgar: that 
at the creation of the world God Almighty made the veins of Metals 
in the same condition that we find them at this Day: herein doing 
Nature great affront: by denying her, without Reason, a productive 
Virtue in the matter, which is allowed to her in all other sublunary 
Things: moreover that Experience in divers places hath manifested the 


contrary. 


He then goes on to give as examples the growth of iron ore in Elba and 
the deposition of other ore bodies in various localities at the present time. 
Lohneyss * takes a similar position, and writes: 


And so we see that the fissures and the veins now have their seminal 
faculties, which God by His word has created in the earth and by which 
He causes the ores continuously to grow within the earth. So God did 
not create all the ores and metals at one time and all together in the 
beginning, any more than He caused all corn and fruits to grow once 
and for all, but He causes the earth each successive year to bring forth 
these at their proper season that man and beast may have them for 
their food .. . in short God by His word has sowed the seed of metals 
in the bosom of the earth, that in the regular course of nature all the 
various ores should grow perpetually through the action of the Sun, 
Moon, stars and elemental powers. 


This “vulgar opinion”, which by its re-appearance in one form or an- 
other was to give rise to such prolonged and bitter controversies in other 
fields of geological research as time went on, was thus for the time being 
duly met and answered by Agricola, the admirable Rueus, and their sup- 


porters. 


& Pratica Minerale Trattato. Bologna (1678) p. 2. 
© The Art of Metals. Madrid (1640). (Translated by the Earl of Sandwich. Lon- 


don. 1674.) 
See also Ferdinandus Ludovicus: Pyrotechnia Sublimis. Vienna (1778). 


© Bericht von Bergwerk (1617) p. 20. 
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So long as men continued merely to speculate on the subject, no fur- 
ther progress towards a correct understanding of the origin of ore 
deposits could be made. Logic and the dialectic method, which was 
believed by the Schoolmen to be capable of solving any problem if prop- 
erly employed, were useless when applied to this—one might “philos- 
ophize” forever and get no further. It was the introduction of a new 
method—the “Novum Organum”, as Francis Bacon called it later—the 
basis of which consisted of a close and detailed study of the things them- 
selves, that was required in order to ascertain how these had actually 
originated. This coming to grips with Nature by observation rather 
than seeking to elucidate these recondite subjects by the application to 
them of the principles of logic was, as already mentioned, regarded with 
contempt by medieval scholars, and considered as undignified and as 
unworthy of a man of learning and culture. 

The new school, so far as the science of geology is concerned, may be 
said to have originated with a few men who lived and worked about the 
middle of the 16th century, of whom Agricola and Palissy were the 
leaders. The members of this school who made by far the most impor- 
tant new contributions to a knowledge of the subject were a group of 
men who succeeded one another in quick succession in the latter half 
of the 18th century, all of whom held important positions in the mining 
districts of northern Germany, for the most part in and about the Saxon 
Erzgebirge, and whose knowledge was obtained from a close personal 
study of the mineral deposits, largely mineral veins, from which the ores 
in these important mineral districts were derived. 

It is of interest, therefore, to consider briefly the work of these men. 

This school, which perhaps may be called the Freiberg School, has 
Agricola as its precursor, and culminated in the great Neptunist, Werner. 

Agricola was born at Glauchaw in Saxony in the year 1494 and died in 
1555. He was, thus, a contemporary of Leonardo da Vinci, Copernicus, 
Luther, Erasmus, and Paracelsus. His true name was Bauer, but as 
was the custom of many learned men of his time, he adopted a latinized 
form of this name and was always known as Georgius Agricola. Unlike 
Paracelsus, who generally wrote in German, Agricola invariably wrote in 
Latin. 

He studied at the universities of Leipzig, Bologna, and Padua, and 
beginning his career as a philologist he acquired a thorough knowledge 
of the work of the old classical writers. He then turned to medicine and 
for a number of years was Stadtirzt in the flourishing mining town of 
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Joachimsthal, which brought him into intimate relations with the min- 
ing community and enabled him to combine with the work of his medical 
profession, an intimate and practical study of mining, mineralogy, and 
the allied sciences, in what was then one of the most active mining cen- 
ters in Europe. He thus became a man of many sided knowledge, which 
in his case was combined with indefatigable industry and the attitude 
of mind, inculcated by the “New Learning”, of basing all conclusions on 
close and accurate observation alone. Although he was inclined to pay 
respectful attention to the opinions of the older writers, he adopted these 
opinions only when he believed them to agree with observed facts. 
He enriched and extended this older knowledge by a wealth of new observa- 
tions, the results of his own personal investigations and study in the 
wide field of Mineralogy, Mining, Metallurgy, and Assaying. 

Whenever Agricola writes on any subject, the reader recognizes at 
once that he was in advance of his age, for although he could not always 
free himself completely from the opinions of his time, his writings come 
as a refreshing breeze, which sweeps away many of the clouds of mist 
and fancy which formerly enveloped the subjects of which he treats. 

His best known, which is also his last, work is the De Re Metallica, 
which appeared in 1556. This book, dealing with the actual practice of 
mining, and being excellently illustrated, appeals to a wide circle of 
readers, and although written in Latin, has been translated into English, 
German, and Italian, ten editions of it in all having appeared. 

In another of his books, the De Ortu et Causis Subterraneorum, the 
first edition of which appeared in Basel in 1546, he treats, among other 
things, of the origin of ore deposits. Presenting a critical review of the 
opinions of the earlier writers upon the subject, he rejects them. “Aris- 
totle”, he says, “maintained that the metals are formed from watery 
vapors. But why does he not submit some basis of proof for this asser- 
tion? And likewise he asserts that the infusible rocks are developed out 
of dry exhalations. Why does he assert this without any evidence? The 
very mountains themselves refute such a statement. The alchemists 
tell us in all seriousness that all metals are composed of Mercury and Sul- 
phur. Experience which is always the best guide both for the teacher 
and the learner, shows how far removed this statement is from the teach- 
ing of reason and experience. All honor to the Manes and ashes of Alber- 
tus Magnus but his confused argumentation with its appeal to Avicenna, 
Hermes and the like ancient authorities is worthy rather of an alchemical 
disputation than the reasoned system of a student of nature.” 

Agricola also casts aside as idle dreams the teaching of the astrologers, 
that the development of the several metals within the earth’s crust was 
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brought about through the influence of the stars or the movements of 
the planets. 

The fissures in which metallic deposits often occur, he teaches, were 
first formed, and the ores with their accompanying gangue minerals were 
then deposited in them. These fissures he recognizes as having been 
developed by movements which took place during the formation of the 
mountains in which they occur, although in some cases he thinks they 
had originated in the disruptive force of subterranean waters when break- 
ing open channels for themselves in the deeper parts of th earth’s crust. 

Within the earth’s crust, he says, there are two kinds of water; the 
first, formed by the condensation of steam or vapor within the earth, 
and having therefore a subterranean origin, and the second, rain water 
which has percolated from the surface deep down into the earth’s 
crust. These waters—whether they be of the first or the second class— 
moving through the earth’s crust, take up earthy matter from the rocks 
through which they pass. When thus impregnated with mineral matter, 
the water becomes a “nobilis succus”, a “lapidifying juice” or solution, 
which deposits, among other things, metallic minerals and their gangue 
stones in cracks and fissures through which they pass, and thus give rise 
to mineral veins. 

In this conception of the origin of ore deposits, put forward by Agri- 
cola as far back as the middle of the 16th century and based on his close 
observation of nature, there are the germs of two great theories concern- 
ing the origin of ore deposits, which took definite form some three or 
four hundred years later; namely, the theory of ascension and the theory 
of lateral secretion. 

Passing now to the German “mining geologists” of the 18th century, 
it will be of interest to consider briefly the work of a few of the more 
important of them, and the conclusions which they reached. They will 
be referred to in the order in which their most important papers ap- 
peared. There were two leading questions which presented themselves 
for consideration in connection with the study of these German deposits 
which were, for the most part, mineral veins; first, the manner in which 
the fissures had been developed, and, second, how these had been filled 
to produce the veins. 

Rosler ** of Freiberg, who died in 1673, of whom mention may first 
be made, believed as the results of his studies that the veins were due to 
the filling of open fissures, and in this connection directed attention to 
the significance of the druses in the vein. 


© Roisler, Balt.: Speculum Metallurgiae politissimanum oder helpolirter Bergbaubaus- 
piegel. Dresden. 1700. 
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Henkel ®* is said by Werner to be the “Father of Mineral Chemistry”, 
but chemistry in the modern use of the term was just coming to birth 
when Henkel wrote. Following his argument closely, it is found to be 
as follows: All substances give off “exhalations.” He cites the aura which 
surrounds a magnet as a good example of such an exhalation. In the 
case of some substances these exhalations will quickly vaporize and pass 
into the atmosphere. Water and spirits of wine or alcohol are examples 
of this class. Others, such as rocks or minerals, vaporize very slowly. 
He cites marl, limestone, and quartz as examples. Marl is a soft rock 
which forms a good soil in which plants grow readily. The water in this 
soil forms with the marl, when the latter is in a state of fine subdivision, 
a species of gelatinous material which is carried by the water to the roots 
of the plants. It is not, however, as yet in a sufficiently fine state of 
subdivision to enter the tissue of the plant but effects this passage by 
passing into a state of “vapor” which, mixing with the water, can now 
enter the plant and mingle with its juices. Possibly, he goes on to say, 
the marl does not actually vaporize, but at any rate it becomes “atten- 
uated” and is carried off in intimate association with the water. That 
is, as chemists would now say, marl is to a certain extent soluble in 
water. Quartz is also similarly soluble, for it is often deposited from 
water in the form of beautiful crystals. 

The emanations which give rise to mineral deposits are derived from 
three sources: First, from “vapors” given off by various bodies dissemi- 
nated through the earth’s crust which, meeting and mingling with one 
another, set up certain reactions which result in the production of metallic 
minerals; second, from the vapors and gases present in saline and sul- 
phurous waters which rise from the depths of the earth’s interior and 
which originate, in part at least, through the waters of the ocean finding 
eccess to the central fires and being by them vaporized and set in motion 
toward the surface; third, from the “witterung” or exhalations of the 
minerals already in existence within the earth, which in some cases, as 
for instance alum shale and pyrite, when broken up and allowed to remain 
exposed to the atmosphere, can be seen to become hot and to give off 
fumes. 

Zimmerman,®* who was. a student of Henkel, explained the veins as 
due to a complete alteration of the country rock along certain cracks 


® Henkel, Joh. Fr.: Pyritologia oder Kieshistorie. Leipzig. 1725, and Mediorum 
Chymicorum non ultimum conjunctionis primum appropriatio, dc. Dresden and Leip- 
zig. 1727. 

“ Untererdischen Beschreibung der Meissnischen Erzgebirges. Oberstichische Berga- 
kademie. Dresden and Leipzig. 1746. 
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and fissures, through which some mineralizing solutions or vapors had 
forced their way. The original rock was thus completely changed in 
structure and composition, the primary minerals being replaced by ores 
and their gangues along well defined strips which now constitute the 
veins. 

Von Oppel ** followed and made a very important advance in clearly 
recognizing and pointing out for the first time the fundamental differ- 
ence between “veins” and bedded ore deposits (“flétze”), the former 
being open fissures subsequently filled with minerals differing entirely 
in character from those of the country rock which they traverse, and 
the latter being layers conformably interbedded in a series of stratified 
rocks, although differing in character from them. He also states that 
the fissures, which the veins now fill, were developed either by movements 
within the earth’s crust, which shattered it, or by a thorough drying out 
of the materials of which the crust is composed. Also, that the “veins” 
cut across the structure of the country rock, and that the chief veins 
in a district usually follow direction conforming to that of the valleys, 
which, it is now known, often mark predominant lines of dislocation 
in a region. He also notes the fact that parallel to the main vein there 
is often a series of smaller ones, and that all of them thin out and 
eventually disappear on the line of the strike. 

About twenty years after the publication of Von Oppel’s Anleitungen 
there appeared a little book by Delius,** which was followed three years 
later by a more comprehensive treatise ®’ by the same author. 

His treatment of the subject is rather amusing in his impatient and 
contemptuous condemnation of the older writers on ore deposits and 
his substitution for their explanations of his own, which, although dis- 
tinctly more modern as a whole, in many cases are as quaint as those 
which he rejects. 

Delius commences by stating that the views on this subject expressed 
by the leading alchemists are so ridiculous as to leave one in doubt 
whether to be amused or angry. He wonders why all these writers were 
not sent to jail (“an Ketten gelegt worden”). Their chatter about the 
action of the Creator (“Archeo”), the influence of the stars, the “seeds 
of metals,” and the “Witterung” due to vapors arising from the depths 
of the earth first depositing and then burning out ore deposits, is to be 


Anleitungen zur Markscheidekunst nach ihren Anfangsgriinden und Ausiibung kiittz- 
lich entworfen. Dresden. 1749. 
See also his Berichts Von Bergbau. 
®% Abhandlung von dem Ureprunge der Gebiirge und der darinne befindlichen Eradern. 
Leipzig. 1770. 
% Anleitungen zur der Bergbaukunst nach ihrer Theorie und Ausiibung. Wien. 1873. 
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entirely disregarded. He inveighs against Lehmann especially, and his 
theory of “Metalmiittern,” saying that so many of these are mentioned 
that it would be difficult to find corresponding fathers for them, adding 
that this writer’s statement that metals are still being formed in the 
earth’s crust is false, no ores are now being formed, all the fissures 
are filled, and the workshop is closed up. Here and there, it is true, 
percolating rain water may dissolve a little ore here and redeposit it 
there, but all development of primary ore has long since come to an end. 

His own views are as follows: Most of the mountains on the surface 
of the earth owe their origin to the Mosaic Deluge. They were originally 
great heaps of more or less soft material. After the retreat of the waters, 
these were dried out by the heat of the sun, and as the process of dessica- 
tion went forward, cracks were formed. As time passed, rain water, 
falling on the surface, percolated into the earth and dissolved out of 
the materials, now hard and rocky, which composed it, metallic sub- 
stances which were sparsely disseminated through these rocks, in an 
extremely minute state of subdivision. Minute specks of various ores, 
he says, can still be found in all mining districts, in what is termed 
barren rock. These, accompanied by some earthy matter, are by the 
waters carried into the fissures, filling them up, and thus giving rise 
to the mineral veins. 

He rejects the old idea of the central fire and the Golden Tree; if it 
were true, veins would get wider and richer in depth, but, he says, “All 
veins and fissures in the world grow smaller in depth and eventually 
pinch out completely. Furthermore they get poorer and poorer as they 
go down and finally cease to contain any values. The gold veins in all 
the Siebenbiirgen seldom retain their values below 40 to 60 Klastern 
(240 to 360 feet). This impoverishment is due to the fact that the 
sun’s heat is necessary to the development of ores in veins and this 
cannot penetrate into the earth to greater depths than those above men- 
tioned. Gold occurs abundantly only in warm countries and for the same 
reason.” He is, in fact, so obsessed with the idea that the sun’s heat 
(together with the concomitant action of air and water) is the agent 
which is especially active in producing ores, that he persuades himself 
that in all mines the temperature gets progressively lower as greater 
depths are reached, except when the rock contains pyrites and allied 
minerals which produce heat. 

However, Delius sets forth the facts which underlie one of the greatest 
discoveries concerning ore bodies which has been made in modern times, 
although he gives the wrong explanation of the causes to which they are 
due. This is the surface alteration of ore deposits, with the development 
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of secondary minerals, and an underlying zone of secondary enrichment. 
He says that in veins of the Siebenbiirgen, malachite and azurite are 
found extending from the grass roots to a depth of about 120 feet, but 
not lower. This, he says, is evidently due to the fact that these minerals 
require much of the sun’s heat for their production. Gold occurs im- 
mediately below them, because it also needs much heat to develop it. 
Below it comes a zone rich in silver, as this noble metal requires less 
heat, and still lower down, lead is present abundantly and, being a “cold” 
body, continues to considerable depths. In fact, he says, most silver 
veins pass into lead veins in depth. 

He describes the gossen cap seen in many ore deposits and gives a 
reason for its development. Veins which contain sulphur and arsenic 
minerals, with iron compounds, he says, often present a scorched or 
“burnt” appearance at their outcrop, owing to the action of the sun. 

Charpentier, who was a professor in the Mining School at Freiberg, 
followed with two excellent books. The first of these appeared in 1778 * 
and the second, which sets forth the results of a long period of ad- 
ditional observation and study, some twenty years later. 

The Mineralogische Geographie gives an excellent description of the 
veins and other mineral occurrences of Saxony and some of the adjacent 
areas, and in the last few pages of the book the question of the probable 
origin of the ores is discussed. It is an admirable presentation of the 
facts gathered during his long years of mining experience. He considers 
in succession those facts which have a definite bearing on the question 
of the genesis of the ore deposits, and, based on them, he offers an 
explanation of their origin, which, he says, cannot be considered as more 
than a conjecture but which he believes represents the closest approxi- 
mation to the truth attainable at that time. 

He begins by stating that it is inconceivable to him that a multitude 
of great fissures and cracks could have been developed in the rocks of 
the earth’s crust by the process of drying out, to which cause a number 
of writers have attributed them. If then the idea be set aside that veins 
were developed by the materials which fill them flowing into fissures 
formed in this way, only two possible explanations remain: first, that of 
the “ordinary man”; namely, that these mineral deposits were formed 
as we now see them, by the direct command of the Creator without the 
intervention of any secondary causes, which explanation, he says, may 
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be at once dismissed ; second, that these ore bodies, including the veins, 
have been produced by some alteration brought about in the original 
country rock. 

He then goes on to state the reasons why he holds the second explana- 
tion to be the correct one. Although some veins are sharply defined 
against the country rock, others pass imperceptibly into it. In still 
other cases the country rock for some distance on either side of the 
veins shows a distinct change in character, and the values pass into 
this altered strip on either side. In tin ores, grains of cassiterite are 
often distributed through great masses of country rock, constituting a 
stockwork. These facts taken together seem to indicate that the veins 
and the ores were developed by changes which took place in the pre- 
existing country rock. It would rather seem that one kind of material 
had been altered into another. In looking about in nature for any 
analogy to this remarkable phenomenon he thinks of the silicification 
of wood. This he believes cannot have taken place by the removal of 
the woody tissue and its replacement by silica, because, had this taken 
place, the change must have proceeded from the surface of the wood 
inward, and had this been the case the outer part, when silicified, would 
have prevented the access of the solvent to the interior. There has 
apparently been in some unexplained way a change of wood into silica, 
which is, he thinks, more remarkable than the change of gneiss into 
a stockwork or a vein. 

He believes, however, that in the crust 0° he earth there are solutions 
or vapors at work which could bring about such changes, and that these 
can find a passage even through solid rock along the minute cracks and 
little fissures which are everywhere present in rocks. In this way the 
agents, be they solutions or vapors, might bring about changes in the 
solid rock, and in it develop new minerals and even change strips of 
the country rock into what are known as veins, although no wide fis- 
sure was originally present. 

Gerhard,”° who wrote in 1781, held that veins were open fissures which 
originated through great movements in the earth’s crust as well as from 
other causes, and that they were filled by the action of waters dissolving 
material out of the surrounding country rock and depositing it in these 
fissures. 

There appeared next in chronological order an important and widely 
read work by Trebra.”* This handsome and well illustrated folio is 
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chiefly descriptive in character, but the author, who was a high mining 
official in the Brunswick Lunenberg Electorate, with long experience in 
mining operations, devotes a few paragraphs to the presentation of his 
opinions concerning the genesis of ore bodies. Like Charpentier he says 
that his view is open to many objections and is to be regarded as an 
hypothesis rather than as a well substantiated theory. He thinks that 
ore deposits owe their origin to processes which at that time were known 
as “Sihrung” and “Faulniss,” which may be translated literally as “Fer- 
mentation” and “Rotting,” or “Decomposition.” In modern times the 
former term, at least as applied to processes taking place in the inor- 
ganic material of the earth’s crust, has little or no meaning. It is of 
interest, therefore, to ascertain just what was in the mind of Trebra 
and others of these early geologists when they employed these terms. 

Influencing their conception was probably some survival of the ancient 
idea that the earth bore a certain analogy to the body of an animal, and 
as the body of the animal was nourished by the blood and other fluids 
passing through the arteries and the vascular system, so the earth was 
nourished by fluids circulating in its body. The central fire in the earth 
supplied the motive power which started and maintained these move- 
ments, as the heart causes the blood to circulate in the body of an animal. 

When certain animal or vegetable materials are mixed with water and 
a little yeast or other ferment added, the mass, if kept warm, is seen to 
undergo certain curious changes, movements are observed to take place, 
new substances are developed in it, and the whole takes on a new char- 
acter—through the action of fermentation. Again, if animal or vege- 
table substances are merely exposed to the atmosphere, they often de- 
compose or rot away—frequently with the development of gases and 
evil-smelling vapors. 

These early writers believed that analogous processes are at work in 
the inanimate materials of the earth’s crust, acting slowly and quietly, 
under the influence of heat and moisture. Owing to such, for instance, 
granite is changed to gneiss, graywacke is altered into shale, other rocks 
assume a coarsely crystalline character, and pyritous shale becomes an 
alum-bearing rock. These slow but wonderful changes were brought 
about, they thought, by processes similar to a slow fermentation, which 
in the 18th century were called “Gihrung” and “Faulniss,” and they 
acted apart from, and independently of, the more violent phenomena 
of nature represented by volcanoes and earthquakes. 

The modern terms, Metamorphism and Weathering, embrace most, if 
not all, of these operations in nature. 
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Trebra believed that it was through processes of this nature that ore 
bodies of all kinds, including mineral veins, are developed, although he 
makes no conjecture as to the ultimate source from which the materials 
of the ore body are derived. 

Werner,” who is the most renowned of all the geologists of this group 
although his contributions to this particular portion of the science are 
not of greater value than those of several of its other members, toward 
the close of his life wrote a small book setting forth what he terms a 
“new theory of the origin of veins.” He was a professor in the Mining 
School at Freiberg, and the book presents his conclusions drawn from 
a study of the subject extending over a period of thirty years, as well 
as a statement of the grounds on which these conclusions are based. 

Although he adds something to the previously existing knowledge of 
the internal structure of the veins, the phenomena displayed at the 
intersection of different sets of veins, and the differences between the 
internal structure of veins and beds, Werner’s theory is a new one chiefly 
in that it offers a novel explanation of the way ia which the pre-existing 
fissures were filled to form veins. 

Werner, of course, as the leader of the Neptunists, taught that the 
crust of the earth is composed of rocks deposited from the waters of a 
primeval ocean. Some of these rocks were of the nature of mechanical 
sediments, which the water had held in suspension; others were chemical 
precipitates from the water ; to the formation of still others, both processes 
contributed their share. Flows and sheets of basalt, found in association 
with the regular sedimentary succession, were also supposed to have 
been deposited from the waters of this same ocean. 

As these sediments were settling down and becoming compacted into 
rocks, cracks developed in the mass, owing to contraction due to the 
expulsion of the interstitial water or through the slipping of masses 
down the slopes of valleys which had been formed by movements of the 
subsiding waters or by rending movements caused by earthquakes. These 
usually took the form of fissures open to the surface, and if these were 
developed in portions of the earth’s surface which were still under water, 
the water filling them would be at rest and not affected by the ceaseless 
movements of the waters of the great ocean itself. In such fissures the 
materials forming the veins were deposited from the oceanic waters, 
the druses representing unfilled portions of the fissures. 

It is unnecessary here to follow Werner further in his exposition of 
the subject. His theory has been entirely disproved; in fact, the Berg- 
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rath Constantin ** of Werner’s own city, Freiberg, less than fifty years 
after the publication of Werner’s “Neue Theorie,” states that not only 
this theory, but Werner’s whole system of geognosy, had completely 
broken down under the accumulation of a great body of newly discov- 
ered facts. 

In treating ore deposits, as in other subjects, Werner assumes a dog- 
matic tone quite different from that taken, for example, by Charpentier. 
In the seventh chapter of his book, for instance, he lays down in succes- 
sion a series of things that are definitely and certainly known, the state- 
ment concerning each commencing with “Wir wissen gewis.” This list 
is instructive because a number of these, which he supposed to be irre- 
futable facts based on indisputable knowledge, have proved in the light 
of further discoveries to be false and untenable. In the progress of 
science, as in other lines of human experience, it is found that many 
“sure things” are by no means certain. 

Werner states that veins did not derive their metallic contents from 
the country rock through the action of circulating waters (i. e., the 
theory of lateral secretion) because the country rock in districts where 
metal-bearing veius occur, contains no traces of the metals which are 
found in the veins; also, that this theory is ruled out of consideration 
because the first layer secreted from the wall of the fissure would make 
this impermeable to the passage of all further solutions. He also denies 
absolutely that the veins have been filled by materials deposited by 
vapors rising from the deeper parts of the earth, on the basis that such 
metal-bearing vapors have never been found in any mine workings, and 
if this explanation be accepted it would carry with it the conclusion 
that such vapors had also given rise to the ore bodies which occur as 
beds, a contention which, he says, is absolutely untenable. 

In the same manner he marshals “facts” which he believes absolutely 
disprove all other genetic theories which were put forward by previous 
writers. Finally, it is interesting, and not a little amusing, to note 
that in inveighing against Lehmann’s “Metalmiitter,” a theory which 
modern research has shown to contain a large element of truth, Werner 
says that its advocates had put forward a lot of so-called evidence to 
support it, which not only failed to do so but which absolutely disproved 
the theory in question. 

He then goes on to remark, apropos of these writers, that “This un- 
critical attitude of mind, one which is in the highest degree inimical 
to the progress of science, is only too common in our day. I could cite 
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many examples of it but will mention only one, the well-known theory 
of the volcanic origin of Basalt.” This was an unfortunate example 
for Werner to select, because in this very theory he himself presents 
a striking illustration of the uncritical and perverse attitude of mind 
which he condemns in others, for throughout the greater part of his life 
he held, and supported with every conceivable argument, the contention 
that basalt was an aqueous deposit laid down from the waters of the 
primitive ocean. Toward the latter part of his career, he was forced 
to admit that molten lava was poured out of certain volcanic vents, 
but even then he would not allow that this was any proof of the exist- 
ence of heat in the earth’s interior, but contended that this lava consisted 
of certain beds of “wacké” which had been melted by the combustion 
of a bed of coal beneath the volcano, insisting that beds of coal were 
to be found in the immediate vicinity of all volcanoes. 

Werner’s personal charm, however, must have been altogether remark- 
able. As Geikie says, no teacher of geological science either before or 
since has approached him in the extent of his personal influence or in 
the breadth of his contemporary fame. 

It is not the intention in this brief sketch, which deals more particu- 
larly with the early history of the views which were held concerning the 
genesis of ore bodies, to follow out the development of these opinions in 
more modern times; this has already been done by others. It will be 
sufficient here to touch upon the contributions of six other men whose work 
was in a measure the outcome of that of some of the writers to whom 
reference has already been made, and especially of those in the mining 
regions of northern Germany. 

Forchammer, of Copenhagen, in a paper which appeared in 1835, 
detailed the results of a series of chemical analyses which showed that, 
contrary to the statement of Werner, minute quantities of the heavy 
metals were present in almost all rocks. He claimed that circulating 
ground waters made their way laterally into fissures, carrying materials 
in solution, and filled the fissures, thus giving rise to mineral veins. 

It was, however, Sandberger,”* of Wiirtzburg, who gave the theory of 
lateral secretion its standing in scientific literature. He continued and 
extended Forchammer’s work, devoting some nine years (1873-1882) to 
detailed chemical investigations, for the purpose of ascertaining how 
these metallic constituents occurred in the country rock of ore-bearing 
districts. He found that minute quantities of almost all the metals and 
rarer elements which were known in mineral veins were present in 
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almost all the country rocks cut by these veins, even such rocks as clay 
slate being found to contain minute amounts of copper, zine, lead, 
arsenic, tin, cobalt, and others. He then isolated the constituents of 
the various rocks which he investigated—chiefly igneous and metamor- 
phic rocks—taken from many widely separated mining districts, and 
assayed the heavier and the lighter constituents separately. He found 
that the metals were contained chiefly in the dark basic silicates such 
as augite, mica, and hornblende, and that the feldspars were to be con- 
sidered chiefly as furnishing the constituents of the gangue minerals. 
This investigation gave direct support to the theory of lateral secretion, 
showing that the country rock could supply the materials which con- 
stituted the veins. 

Steltzner,”> however, in a subsequent paper points out that the pre- 
cautions which Sandberger had taken to remove minute grains of metallic 
sulphides, which might have been introduced into the country rock 
by later solutions passing through it, had been insufficient. Such waters 
might even be the same as those which, rising from deep-seated sources, 
had deposited the filling of the vein itself. He showed, when the rock 
before analysis was treated with bromine, which would remove all sul- 
phides present in it, that lead and silver—the characteristic metals of 
the Freiberg veins—were found to be absent from the country rock and 
that the theory of lateral secretion would not account for the origin 
of the veins of the Freiberg district, at least. The theory, however, in 
one form or another has met with, and still receives, much support on 
the part of many authorities. 

While these German geologists, living in a part of Europe where there 
was relatively little vulcanism, naturally showed a more or less marked 
tendency to adopt the views of the Neptunists, certain other geologists, 
whose studies had been carried out in countries where volcanic phenomena 
were general and wide spread, formed other opinions concerning the 
origin of ore deposits. 

Thus, the Italian geologist, Breislak, who for many years had studied 
Vesuvius and Etna as well as other volcanic centers in his native land 
and who had, in consequence, ranged himself on the side of the Vul- 
canists, expresses his views of the origin of metalliferous deposits as 


follows: 
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Let us then pass to ore deposits, directing our attention first to those 
which are found in the Primitive rocks. Let us consider that the 
material of this rock while still in a fused condition contained certain 
metallic substances. These latter owing to their mutual affinities would 
have a tendency to unite with one another and to separate themselves 
from the rest of the mass from which they differed not only in char- 
acter but also in specific gravity, and in all their physical and chemical 
properties. This separation would in many cases be imperfect in which 
cases these metallic portions would remain intermingled with the rest 
of the rock. But when the rock became consolidated on cooling the 
metallic substances would be separated from the rest of the mass al- 
though enveloped by and enclosed in it. If some portions of the rock 
cooled more slowly than others, the metallic portions would remain 
longer in a fluid state and would thus occupy spaces between those 
portions of the rock already cooled although not as yet completely 
solidified. In this way veins rich in metallic minerals would be seen 
in the rock after its solidification, which veins might have been formed 
at successive stages during the cooling of the mass, and thus cut across 
one another. If we will set aside all bias and try to apply this idea 
to the phenomena displayed by the occurrence of metallic substances in 
the primitive rocks, I am inclined to think that an explanation of these 
will be found which is much less strained and which avoids many of 
the difficulties which are met with when other explanations are at- 
tempted. 


Breislak believed that the stratified rocks of the Paleozoic and later 
times had separated out in the form of mud or slime from a primeval 
sea of warm or hot water. While in this primitive muddy deposit, still 
in a semi-fluid condition, the several constituent materials tended, for 
the same causes which were operative in the primitive rocks when they 
were in a fused condition, to segregate themselves into separate masses, 
the calcareous material forming bodies of limestone, argillaceous material 
coming together as shales, and so on, having a bedded or laminated 
structure impressed on them by the movements set up in the mass as it 
consolidated owing to the drying up of the waters. These movements 
caused the various masses, at first irregular in shape, to adopt a form 
conformable to the curved surface of the earth’s exterior. During the 
process the ores of the various metals in solution, or in the form of 
minute particles held in suspension in the ocean waters, came together 
and concentrated themselves within those rocks with which they had 
a special affinity. “Thus,” Breislak says, “it need not be a matter of 
surprise that when the great deposit of galena in Derbyshire was forming 
the ore concentrated itself in the limestone beds rather than in the 
interstratified beds in which clay or silica preponderated, these substances 
having less affinity with lead.” 
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Brunner,” who was a Bavarian mining official, held somewhat similar 
views concerning the origin of ore bodies, believing then, however, to 
have segregated, for the same reasons as those assigned by Breislak, from 
the primitive chaotic mass constituted of the three primitive “Urstéffe” 
—*“Lichtstoff,” “Luftstoff,” and “Erdstoff’—which constituted the primi- 
tive chaos and out of which the world was finally developed ! 

The hypothesis of Breislak and Brunner was an early and crude presen- 
tation of the theory of magmatic segregation, which has attracted so much 
attention in recent years. 

Finally, Hutton, the leader of the Plutonists, held that all mineral 
veins had been injected into the fissures which they occupy, while in 
a fused condition: 

All these appearances conspire to prove that the materials which fill the 
mineral veins were melted by heat and forcibly injected in that state 
into the clefts and fissures of the strata. These fissures we must con- 
ceive to have arisen, not merely from the shrinking of the strata while 
they acquired hardness and solidity, but from the violence done to 
them when they were heaved up and elevated in the manner which has 
already been explained.78 

Ask the miner from whence has come the metal in his veins? Not 
from the earth or air above, nor from the strata which the vein tra- 
verses: these do not contain an atom of the minerals now considered. 
There is but one place from which has proceeded that intense heat by 
which loose materials have been consolidated into rocks, as well as 
that enormous force by which the regular strata have been broken and 


displaced.79 


IN HOW FAR HAS MODERN SCIENCE ADVANCED TOWARD 
A TRUE UNDERSTANDING OF THE SUBJECT? 


In the opening paper contributed to a symposium on the “Origin of 
Ore Deposits,” in the Section of Geology at the Centenary Meeting of 
the British Association for the Advancement of Science, held at London 
in 1931, Professor Cullis remarked that notwithstanding a detailed study 
by the most able geologists, no consensus of opinion has been reached 
concerning the origin of most of the great ore deposits of the world, 
such, for instance, as those of the Rand, Heulva, Sudbury, and Kiruna- 
wara, a fact which indicates that the subject of ore deposits is one in 
which less progress has been made since the time of the Middle Ages 
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than is the case in most other branches of Geology, and that although 
much has been learned, much still remains to be discovered. 

Having, then, considered briefly the views of these older writers con- 
cerning the origin of ore deposits, it may now be of interest to inquire 
in how far these opinions have proved to be correct; also, in how far 
actual advances have been made in our knowledge of this subject by 
later investigators, and especially through the intensive studies of ore 
deposits by many geologists of distinction in all parts of the world in 
recent years. 

It will be noted, in the first place, that the earliest of the theories 
put forward to account for the origin of ore bodies—namely that of the 
influences of the sun and other stars in the production of metals and 
ores within the earth’s crust—has now been definitely relegated to the 
limbo of exploded hypotheses, together with so many other rejects of 
ancient learning. 

A second theory which obtained general acceptance at one time, that 
of the growth of metals and their ores from “metallic seeds,” has also 
been abandoned. The development of iron ores in certain lakes and 
other bodies of water and the discovery of beautiful arborescent growths 
of metallic copper or silver in rock fissures or even in old timbers in 
abandoned mines, were facts which to the ancients afforded conclusive 
proof of this latter theory. Research in recent times, however, has 
definitely disproved the contention that these metals were deposited 
from some waters because these contained “metallic seeds” and were 
not deposited from others because in these the specific “seeds” were 
absent. It is, however, interesting to note in this connection that the 
deposition of ferric hydrate in bogs and from the waters of lakes is not 
always a simple chemical process, but is now known, in some cases at 
least, to be effected through the agency of certain bacteria. It is more 
than likely that the advocates of the “metallic seeds” theory, had they 
been able to observe the action of these lowly forms of life, would have 
hailed the discovery with delight and concluded that in them at last 
they had actually discovered the “seed” of iron, in whose existence they 
had firmly believed but which they had never been able to isolate. 

A third theory, that which held metals and ores to have been brought 
into existence by the transformation of water or some other “element” 
into these metallic bodies, has also been proved to be untenable. It has 
been established that in many cases at least the ore deposits which were 
supposed to come into existence in this manner, owe their origin to the 
fact that water under certain circumstances can, and does, take these 
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metals or rather their compounds into solution and, often after carrying 
them long distances, under changed conditions redeposits them. 

The apparent regeneration of cassiterite in the exhausted tailings of 
the Cornish tin mines, described by Boyle, which seemed to him to be 
inexplicable except on the supposition that the earthy matter of the 
tailings had in the course of years been changed into tin ore, may, 
perhaps, if indeed the facts as recorded are correct, now find another 
explanation. Potter’s clay, ground and mixed with water so as to form 
a plastic mass of impalpable grain ready to work upon the potter’s 
wheel, if set aside for a certain time, will be found to have little lumps 
of siliceous matter developed in the mass owing, it is believed, to the 
solution of extremely minute particles of silica scattered through the 
clay and then redeposited upon some larger grain of silica to form these 
larger concretions. So possibly, in a body of finely ground tailings from 
which the cassiterite had been removed as completely as was possible 
by the methods of concentration then available, some ore might remain 
in an extremely finely subdivided state in the tailings, and in the course 
of time might aggregate itself together into grains of sufficient size to 
enable it to be recovered when the tailings were again subjected to the 
same concentrating process. 

A fourth theory, the “vulgar opinion” that all ore deposits were 
called into existence together with the whole fabric of the earth’s crust 
at “the beginning,” once and for all by the creative word, has also been 
set aside, it being now definitely established that in many parts of the 
world, ores of many different kinds are at the present time in course 
of deposition. 

A fifth theory, generally accepted for centuries, which taught that 
within the earth’s crust the baser metals are gradually and progressively 
changing into higher forms and that they eventually “mature” into gold, 
has also been discarded. 

Fifty years ago the idea that one “element” spontaneously changed 
into another would have been regarded as incredible and absurd. Re- 
cently, however, it has been found that the “elements,” uranium and 
thorium, wherever they have been discovered in the earth’s crust are 
in the act of disintegrating with the production of metallic lead. The 
transformation of other “elements” has also been brought about in the 
laboratory. In fact, the “elements” themselves, as such, it would seem 
are about to disappear, each being apparently a special pattern or ar- 
rangement of the ultimate entities of that unknown something of which 
all the “elements” are composed, so that—strange as it may seem—the 
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dreams of the alchemists may eventually come true, and gold may be 
produced by the transmutation of some other “element.” 

Had the zonal arrangement of ores, which has been discovered to 
exist around many intrusive stocks and volcanic centers, presenting many 
instances where in a single shaft, iron sulphides and carbonates pass 
upward into zine ores and these into lead ores rich in silver, been known 
to ancient writers, they would undoubtedly have considered this as defi- 
nite evidence, that the “imperfect” metal iron, under the influence of 
the sun’s heat was in such cases “maturing” successively, as it approached 
the surface, into the “higher” metals, zinc, lead, and silver. 

Again, the fact that in the veins at Cobalt, the native silver is later 
than the Cobaltite and is seen to replace it, would also have been regarded 
as a brilliant, and a conclusive proof of the “maturing” of the less “per- 
fect” metal cobalt into the precious metal silver. 

Certain facts, however, which the alchemists regarded as definite evi- 
dence of transmutation have now received a very different explanation, 
as, for instance, that when the water pumped out of certain mines is 
allowed to flow over scrap iron, the iron gradually disappears and copper 
is found abundantly in the sludge in the bottom of the conduit. 

Modern investigation has shown that these five theories have no basis 
of observed fact to support them. 

On the other hand, three theories which were put forward, or at least 
adumbrated, by these older writers, have received a large measure of 
confirmation or support from recent investigations. These may be called 
respectively—using the terms in their widest sense—the theories of as- 
cension, of lateral secretion, and of magmatic differentiation. Around 
these, controversy centers at the present time, and concerning them there 
is still a wide diversity of opinion. 

The theory of ascension is a development of the old “Witterung” theory, 
which has come down to us from the Middle Ages, that the sulphides and 
similar ore bodies owe their origin directly to highly heated vapors or 
solutions rising from the deeper parts of the earth’s crust. This theory 
was strongly advocated by Elie de Beaumont in 1847, and in recent years 
has met with widespread acceptance, especially in view of the fact that 
many ore deposits are directly associated with volcanic centers or igneous 
intrusions, in connection with which great volumes of steam, hot water, 
and highly heated vapors are given off. It seems to be definitely estab- 
lished that in many of these cases there is a direct genetic connection 
between the intrusion with its accompanying vapors and the associated 
ore deposits. 
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The waters and vapors accompanying volcanic activity are believed 
by most investigators to have formed a constituent part of the rock magma 
itself, and to have been given off from the latter as it cooled on approach- 
ing the surface. These are the waters of “juvenile” origin; that is to 
say, waters which have come to the surface of the earth for the first time, 
as Suess believed to be true of the waters of the hot springs of Karlsbad. 
It is interesting to note that the recognition of this class of juvenile 
waters, as has already been mentioned, goes back as far as the time of 
Agricola, who speaks of two kinds of water found within the earth, 
the first being what is now called meteoric water—rain water which 
has percolated into the earth from the surface—and the second, water 
which has its origin in deep-seated sources within the earth itself. 

This distinction is insisted upon by Pernumia * writing in 1570. He 
discusses the subject of juvenile waters at length, and puts forward the 
same criteria for recognizing them when they appear at the earth’s 
surface as those advanced by writers on this matter within the last 
few years. 

One great difficulty in connection with the study of this class of de- 
posits is the almost complete ignorance which still prevails concerning 
the character of the interior of the earth. From what depth within the 
earth’s crust do these igneous intrusions and effusions arise? Was the 
late J. W. Gregory correct in the statement which he made in his presi- 
dential address before the Section of Geology of the British Association 
for the Advancement of Science recently, when he said that the study 
of ore deposits confirms the evidence obtained from earthquakes, that 
the core of the earth is surrounded by concentric shells, differing in 
composition, and that the metallic ores arise as gases or solutions from 
the shells below those composed of plutonic rocks? Is it known that 
these metal-bearing vapors or solutions come from the metallic bary- 
sphere and that they are not derived from the same source as the igneous 
magmas with which they are so intimately associated? Is this metallic 
barysphere composed exclusively of an alloy of nickel and iron or is this 
succeeded, on approaching the center of the earth, by deeper envelopes 
of the still heavier metals, such as gold and platinum, as held by H. S. 
Washington and others? If the ascending vapors, giving rise to great 
gold deposits in the earth’s crust, arose from such a golden source there 
is evidently some element of truth in the ancient conception of the 
Golden Tree. 


s Pernumia, Johannis Pauli Patavini: Philosophia Naturalis. Patavii. 1570. 
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The theory of lateral secretion, which regards the ore deposits as 
having been formed by the concentration of minute particles of ore 
sparsely disseminated through a great body of country rock by the 
agency of percolating waters belonging either to the “vadose” or “deep 
circulation,” also has its origin in the writings of Agricola but took defi- 
nite form through the researches of Forchammer in Denmark and of Delius 
and of Sandberger in northern Germany. The evidence in support of 
it was not conclusive, but the theory has been adopted by competent 
investigators in more recent years as the true explanation of the origin 
of many important ore deposits. 

The theory of magmatic segregaton, which holds that certain ore 
bodies had their origin in the segregation of the metallic constituents 
from a fused magma, was, as stated above, put forward by Breislak and 
Brunner as constituting the most rational explanation of the origin of 
ore deposits. This theory has been widely accepted in recent times as 
the true interpretation of the genesis of many important ore bodies. It 
has taken on many varietal forms and has probably been the subject 
of more controversy and of a greater diversity of opinion in recent times 
than any other theory in connection with the origin of ore deposits. In 
how far it is true must be left for the future to decide. 

In addition to these three great theories, which may be said to divide 
the field between them, there is the theory of the origin of mineral veins 
through the “injection” of the vein filling, in a fused or fluid condition, 
as held by Hutton. This does not now meet with very wide acceptance, 
but would seem to be the true explanation of the origin of those gold- 
bearing quartz veins which are demonstrably part of intrusions of granite 
pegmatite. This theory in its wider implications probably has its most 
important recent development in Spurr’s * views on the origin of vein 
dikes. 

The ore deposits which are now classed as due to contact metamorphism 
or to replacement do not here require special reference, because these, 
when viewed from the standpoint of the primary source of their metallic 
content, come under the heading of one or the other of the classes of ore 
bodies already mentioned. 

It is interesting to note further that a distinct advance has been made 
in modern times in the recognition of the true origin of two great classes 
of ore deposits whose genesis was misunderstood by the older writers. 
These are the residual and the alluvial deposits. Residual deposits, re- 
sulting from the surface alteration of primary ore bodies or by the con- 


1 Spurr, J. E.: The Ore Magmas. New York. 1923. 
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centration of ores sparsely disseminated through bodies of rock, which 
have been removed by solution or weathering, are not mentioned by 
ancient writers. 

The origin of alluvial deposits was misunderstood by ancient writers. 
Gold-bearing sands are mentioned by several writers as having originated 
in the earth’s interior and having been carried out of the mountains by 
streams of water issuing from caverns. Calbus says that the most favor- 
able river sands in which to look for gold are those which contain little 
grains of precious stones, such as amethysts and rubies, because these 
owe their origin to the purest and finest exhalations from the earth’s 
interior which, when combined with moisture, produce gold also. Other 
explanations were also given, but it was only in comparatively modern 
times that alluvial deposits were recognized as originating in the atmos- 
pheric disintegration of great bodies of rock and the concentration, 
through the action of moving water, of the metallic constituents sparsely 
disseminated through them. 

If then, casting our thoughts back through the long succession of past 
centuries, we ask why the ancients entertained such quaint and curious 
views concerning the origin of the metals and their ores, we find that 
these views were quaint because they were based almost entirely on 
philosophical speculation and not on observation. It was not until the 
time of the Renaissance, when men like Agricola arose, whose views 
were based on practical knowledge gained by a long continued study of 
the structure of the earth’s crust in the great mining districts of Europe, 
that the commencement was made of a true understanding of the subject: 

The study of the earth’s crust, thus commenced, has since that time 
been prosecuted, on an ever wider scale and with an ever-increasing en- 
thusiasm, by a multitude of men well qualified to undertake the task, 
having at their command all the resources of modern knowledge. Great 
advances in our knowledge have been made, but it is evident that much 
still remains to be discovered. 

Looking back upon what has been accomplished and looking forward 
to what is still to be achieved, we may well sum up the situation in the 
words of a writer of the 18th century, who had a wide knowledge of 
nature but a somewhat checkered career, and say: 

Even those of the present and last age who have been able to discover 
the Mistakes of these [the writers of early times] and have the Advan- 


tage of yet greater and farther Improvements in Science, if they speak 
frankly and ingenuously must own, that though they have discovered 


XXVIII—BULL. Grou. Soc. AM., Vou. 45, 1934 
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the Errors of their Predecessors, and are certain they are nearer the 
real Knowledge of the Mysteries of Nature than those of any other 
Age have been, they yet are sensible, that they are only making farther 
and farther Advances toward what, perhaps, it is not human Nature 
ever perfectly to complete.82 


® Hill, John—in his notes to his translation of Theophrastus On the History of Stones. 
London (1774) p. 5. 
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INTRODUCTION 


Fossil plants are extremely rare in the Paleozoic system throughout 
the Cordilleran region of North America. This is primarily due to the 
preponderance of marine sediments. The discovery of a small, but well 
preserved, Devonian flora from an estuarine deposit at Beartooth Butte, 
Wyoming, is consequently of interest. This flora is particularly signifi- 
cant as an extension into western North America of the primitive Psilo- 
phyton flora of the Lower Devonian, which constitutes the oldest terres- 
trial vegetation thus far known, and which is recorded from only a few 
scattered localities, chiefly in western Europe, Australia, and eastern 
Canada. 

The plant remains were discovered and collected during the summer 
of 1932 by a party of investigators, consisting of Dr. and Mrs. Walter H. 
Bucher, Stephen K. Fox, Sven A. Dorf, and the writer, in connection 
with the Princeton Research Project in Montana and Wyoming. The 
expedition, primarily concerned with the collection of primitive fossil 
fishes, was conducted under the auspices of the Princeton Scott Fund, 
to which the writer expresses his grateful appreciation. 

For helpful suggestions and criticism the writer is indebted to Dr. 
David White and Charles B. Read, of the United States National Mu- 


* Manuscript received by the Secretary of the Geological Society, June 21, 1933. 
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seum, to Prof. R. Kriiusel, of the University of Frankfort, Dr. T. G. 
Halle, of Stockholm, Prof. A. C. Seward, of Cambridge, and particularly 
Prof. W. H. Lang, of the University of Manchester, who, in addition to 
making many valuable suggestions, kindly examined several specimens 
for microscopic details, and sent the writer several excellent photographs 
which are included in this report. 


OCCURRENCE 


The plant impressions were found in a lens of impure limestone that 
crops out on both the eastern and the western cliff faces of Beartooth 
Butte. This butte is situated in the northern part of Park County, Wyo- 
ming, three miles south of the Montana line, and is an outlier of Paleo- 
zoic sediments resting on pre-Cambrian granites and gneisses (Fig. 1). 
The limestone lens, apparently a channel deposit, 175 feet thick and 
2000 feet across, lies, with erosional unconformity, on the marine Big- 
horn dolomite of Upper Ordovician age and is, in turn, overlain, with 
a less marked unconformity, by the marine Jefferson limestone of the 
Middle Devonian. Preliminary study of the red and gray impure lime- 
stone of the lens indicates deposition in a quiet, shallow, drowned valley 
along a submerging coast line. Absence of carbonaceous layers suggests 
that swampy conditions did not prevail, and that the plants grew as a 
fringe around, or possibly in, the shallow border of the basin. 

In direct association with the plant remains occur numerous well- 
preserved fish-plates. A preliminary report by Bryant? on the fish fauna 
collected during the summer of 1931 indicated an abundance of Ostraco- 
derms and Arthrodires of unusual interest. A more comprehensive study 
on the larger collections of 1932, which is in preparation by Dr. Bryant, 
confirms the preliminary observations regarding the preponderance of 
Ostracoderms and Arthrodires, which are now found to be very largely 
of undescribed genera and species, referable in part to new families. The 
assemblage is clearly of Lower Devonian aspect.? 

The plant fossils were collected partly in situ and partly from large 
talus blocks on the steep slopes below the outcrop. Unfortunately, no 
petrifactions were discovered, so that very little is yet known regarding 
the detailed internal structure of the plants. Attempts to study the 
microscopic details of the impressions by the film-transfer or collodion 


1W. L. Bryant: Lower Devonian fishes of Beartooth Butte, Wyoming, Proc. Am. Phil. 
Soc., vol. 71, no. 5 (1932) p. 225-254. 

2 Since the completion of this manuscript, the comprehensive report on the fish-plates 
has appeared—W. L. Bryant: The fish fauna of Beartooth Butte, Wyoming, pt. I, Proc. 
Am. Phil. Soc., vol. 72, no. 5 (1933) p. 285-314; pt. II, ibid, vol. 73, no. 3 (1934) p. 
127-167. 
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film-pull methods, or by maceration in acids, have thus far been unsuc- 
cessful, owing to the fact that very little carbonaceous material has been 
left adhering to the rock matrix. A few pertinent observations have, 
however, resulted from examination of a few film pulls, made for the 
writer through the generosity of Professor Lang. 


DESCRIPTION OF SPECIES 


The following brief descriptions * are based chiefly on the megascopic 
details as viewed by the naked eye or through a low-powered binocular 
microscope. It is likely that if better material is procured from this 
locality a thorough microscopic study will warrant more definite deter- 
minations. 

Five distinct types have been recognized : 


1. Psilophyton wyomingense, Dorf—fiattened, spiny branch systems. 

2. (?) Psilophyton sp.—an elongated spore case (?). 

3. Bucheria ovata, Dorf—narrow axes with clustered, terminal spore 
cases (?). 

4. Hostimella sp.—flattened branch systems without spines. 

. (2?) Bréggeria strobiliformis, Dorf—a cylindrical catkinlike strobilus. 


All these forms are referred to the primitive order Psilophytales. The 
generic determinations of types 2 and 5 are, unfortunately, tentative and 
somewhat questionable, owing to the scarcity of these species in the col- 
lections. The other three types are each represented by more than a 
dozen well-preserved specimens. 


PSILOPHYTON, DAWSON 
Psilophyton wyomingense, Dorf 
(Plate 42, figures 1-6, 8-10) 


This interesting species is represented in the collection by numerous 
flattened, spiny branch systems. It clearly belongs to the genus Psilo- 
phyton, originally described by Dawson * from the Devonian of Gaspé 
and Campbellton of eastern Canada. 

It is only in minor details that the Wyoming specimens differ from 
Dawson’s original species, Psilophyton princeps. This is particularly true 
if this name be applied only to those typically spiny stems agreeing in 
essential details with Dawson’s variety ornatum, as has been suggested 


3The original complete systematic descriptions, comparisons, and figures have been 
published in the Botanical Gazette, vol. 95 (1933) p. 240-257. 

4J. W. Dawson: The fossil plants of the Devonian and Upper Silurian formations of 
Canada, Geol. Surv. Canada, pt. 1 (1871). 
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Figures 1 to 6, 8 to 10— Psilophyton wyomingense Dorf 
Figure 7 — Psilophyton sp. 
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LOWER DEVONIAN FLORA 
Figures 11, 12, 15, 16, 19 to 21 — Bucheria ovata Dorf 
Figures 13, 14 — Broggeria strobiliformis Dorf 
Figures 17, 18 — Hostimella sp. 
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by Halle * and by White.® Such authentic spiny stems referable to P. 
princeps are common in the Devonian of eastern Canada,’ France,® Scot- 
land,® and Norway.?® 

In the fine, pointed character of the spines, as seen in figures 1 to 3, 
the specimens are also comparable to Psilophyton goldschmidtii, recorded 
from the Lower Devonian of Norway and Germany." In the details 
of the branching, however, they differ considerably. Recently, Lang 
brings out the close relationship of Psilophyton princeps and P. gold- 
schmidtit, considering the latter merely as a form or variety of the former. 
That neither of these species seems identical with the Wyoming species 
is most evident in the microscopic views of the spines, obtained in film 
pulls made for the writer by Professor Lang. As seen in figures 8 to 10, 
the spines in the Wyoming specimens taper gradually to a fine hairlike 
point. In striking contrast are the spines of Psilophyton princeps and 
P. goldschmidtu from Gaspé,’? and Scotland,** which are characteris- 
tically blunt and possess either open tubular tips or masses of internal 
tissue or secretion within the tips or even projecting out from the open 
ends. Another European form that is apparently closely related to 
the Wyoming species is Psilophyton sp. from the archipelago of Bulandet 
in western Norway.'* This form has been regarded by Halle as a typical 
representative of P. princeps. Kriausel, on the other hand, intimates 
that it may well be a thin outer branch of a larger plant, Asterorylon 
elberfeldense Krausel and Weyland, recently found in a complete state 
of preservation in the Middle Devonian of Germany. 


5 T. G. Halle: Lower Devonian plants from Réragen in Norway, Kung. Svenska Vetens- 
kapsak. Handl., n. s., vol. 57, no. 1 (1916) p. 1-46. 

6 David White, in G. O. Smith and David White: The geology of the Perry Basin in 
southeastern Maine, U. S. Geol. Surv. Prof. Pap. 35 (1905). 

7J. W. Dawson: The fossil plants of the Erian (Devonian) and Upper Silurian 
formations of Canada, Geol. Surv. Canada, pt. 2 (1882) p. 95-142. 

8P. Bertrand: Note préliminaire sur les Psilophyton des grés de Matringhem, Ann., 
Soc. Geol. Nord., vol. 42 (1913) p. 157-163. 

°9W. H. Lang: Contributions to the study of the Old Red Sandstone flora of Scotland. 
VIII. On Arthrostigma, Psilophyton, and some associated plant remains from the 
Strathmore beds of the Caledonian Lower Old Red Sandstone, Trans., Roy. Soc. Edin- 
burgh, vol. 57, pt. 2, no. 17 (1932-33). 

10T, G. Halle: op. cit. 

1K. Kriiusel and H. Weyland: Uber Planzenreste aus dem Devon Deutschlands, Senck- 
enbergiana, vol. 12, ne. 4/5 (1930) p. 217-221. 

12W. H. Lang: On the spines, sporangia, and spores of Psilophyton princeps Dawson, 
shown in specimens from Gaspe, Phil. Trans., Roy. Soc. London, ser. B, vol. 219 (1931) 
p. 421-442. 

13 W. H. Lang: Contributions to the study of the Old Red Sandstone flora of Scotland. 
VIII. On Arthrostigma, Psilophyton, and some associated plant remains from the 
Strathmore beds of the Caledonian Lower Old Red Sandstone, Trans., Roy. Soc. Edin- 
burgh, vol. 57, pt. 2, no. 17 (1932-33). 

144A. G. Nathorst : Zur Devonflora des Westlichen Norwegens, Bergens Museums Aarbok, 
no. 9 (1914-15) p. 1-34. 
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At Beartooth Butte, in the absence of more complete specimens of 
the entire plant, it is impossible to overlook the possibility suggested by 
Kriusel’s discoveries that the forms here referred to Pstlophyton wyo- 
mingense may actually be the branches of a larger plant whose basal 
portions have not yet been found. Kriusel’s species Asterorylon elber- 
feldense shows a direct association of spiny stems of the Psilophyton prin- 
ceps type with larger lycopodiaceous stems of the Thursophyton type.’® 
It is possible that the specimen shown in figures 4, 5, and 6 may repre- 
sent the basal branches of the species. In this specimen the spiny 
branches arise almost perpendicularly from one side of a somewhat larger 
stem, or rhizome (?). The upright stems are dotted with irregularly 
disposed areoles, or scars, presumably the basal attachment of spines. 
The character of the spines, the branching, and the faint striations on 
the branches are all characters possessed in common with the type speci- 
men, shown in figures 1, 2, and 3. A possible basal portion with such 
truly Psilophyton-like characteristics seems to justify the retention of 
the generic name Psilophyton, at least until entire plant structures may 
be found possessing the Thursophyton or other type of basal branches. 

Among the Beartooth Butte specimens are a number of flattened 
dichotomous branches, whose relationship to the spiny stems of Psilo- 
phyton wyomingense is problematical. Several forms are entirely spine- 
less, despite the fact that they are fully as large as other branches pos- 
sessing numerous spines. Such are clearly referable to the form Hostt- 
mella sp. discussed below. Several thin axes, however, possess a few 
scattered spines and can with reasonable certainty be referred to Psilo- 
phyton wyomingense. The decreasing number of spines toward the 
distal ends of the branches, as seen also in other figured specimens of 
Psilophyton,® would seem to indicate that the thin distal extremities 
may have been entirely devoid of spines. This is so in Asterorylon elber- 
feldense.** Further discoveries of more complete material are necessary, 
however, before such an assumption can be verified or discarded. 

Little is known regarding the fructifications of Psilophyton wyomin- 
gense. The presence of a spore case (?), discussed below as (?) Psilo- 
phyton sp., which shows a general similarity to spore cases previously 
found in direct connection with spiny stems of Psilophyton, makes it rea- 
sonable to intimate that it is the fructification belonging to the spiny 


5 R. Kriiusel and H. Weyland: Beitrige sur Kenntnis der Devonflora II, Abh., Sencken- 
bergischen Naturforsch. Gesell., band 40, heft 2 (1927) p. 115-155. 
%T. G, Halle: op. cit. 
W. H. Lang: op. cit. 
17R. Kriiusel and H. Weyland: op. cit. 
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branches. There is, however, no definite proof to indicate that the narrow, 
spineless axes, bearing clustered spore cases (?), described below as 
Bucheria ovata, may not actually have been the outer branches of Psilo- 
phyton wyomingense. 

Psilophyton sp. 

(Plate 42, figure 7) 


This species, doubtfully referred to Psilophyton, is represented in the 
collections by a single, elongate, pointed body that resembles in size and 
shape the spore cases borne individually on the terminal ends of branches 
of the Psilophyton type. Close comparisons can be made with figured 
specimens from eastern Canada,"* northern France,’® and Norway.”° 

The significance of this single specimen lies in the indication that 
fructifications of the true Psilophyton type are present at this locality and 
are to be looked for in direct connection with the numerous spiny branches. 


BUCHERIA, Dorf 


Although several types that might be referable to this genus have previ- 
ously been described from European and Canadian localities, all have 
been only questionably determined, owing chiefly to their scarcity or their 
poor preservation. The Beartooth Butte collections contain over a dozen 
well-preserved specimens of this type, all possessing the following mega- 
scopic characteristics: spineless, narrow axes bearing at their distal ends 
clusters of small, rounded appendages, which are bilaterally, symmetrically 
arranged on opposite sides of the axes; appendages are closely set, sessile, 
and opposite to subopposite. 


Bucheria Ovata, Dorf 


This unusual type of fructification is represented by numerous impres- 
sions of leafless axes bearing terminal clusters, or spikes, of spore cases (?). 
In the absence of critical microscopic details their sporangial nature is 
still an assumption, based on megascopic characters and on comparison 
with several European and Australian forms in which spores have actually 
been found. 

As seen in the type specimen and its counterpart (figures 11, 12, 15, 
and 16), as well as in several other lateral views, there is a distinct medial 


%J. W. Dawson: op. cit. 

W. H. Lang: On the spines, sporangia, and spores of Psilophyton princeps Dawson, 
shown in specimens from Gaspé, Phil. Trans., Roy. Soc. London, ser. B, vol. 219 (1931) 
p. 421-442. 

Bertrand: op. cit. 
2T. G. Halle: op. cit. 
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split in many of the bodies, that continues to the distal end, where it 
divides the structures into two blunt!y pointed lobes. This split is sug- 
gestive of the line of dehiscence of filicalean spore cases. Despite many 
searches, no actual spores have been discovered in any of the specimens. 
Dr. Lang, who examined several specimens, stated that his attempts 
“have yielded appearances suggestive of a distinction of wall and spores, 
but only suggestive.” ** There is, of course, the possibility, as intimated 
in the clear distinction between an inner structure and an outer rim 
(shown in figures 19, 20, 21), that the spores had already been liberated 
before preservation, leaving a hollow cavity which subsequently filled with 
sediment to form the inner solid area. 

In none of the specimens examined is there any suggestion of a radial 
symmetry. The bilateral arrangement of the spore cases seems to indi- 
cate dorsiventrality, which implies that the impressions are fertile leaves 
rather than central stalks. The axes in which the spore cases are borne 
were evidently long and without spines or spine scars. Unfortunately, 
this does not prove, or disprove, their relationship with the spiny stems 
referred to Psilophyton, as the latter may have been spineless at their 
extremities. The presence of a spore case (?) of the Psilophyton type 
does suggest, however, that the naked axes of Bucheria ovata were the 
distal portions of the naked branch systems referred to Hostimella sp. 

In the comparison of these fructifications with other Devonian forms, 
none has been seen which possesses characters similar enough to warrant 
specific, or even generic, identity. One form referred to as ? Dawsonites 
sp., from the Lower Devonian of Germany * is of essentially the same 
construction, and probably should be referred to the same genus. A fair 
comparison is also possible with the “cones” of Arthrostigma gracile from 
the Lower Devonian of Campbellton, Nova Scotia,?* although Dawson’s 
specimen was evidently incomplete and poorly preserved, showing only 
the two rows of crescent-shaped bodies without indicating their connection 
with an axis. 

The clustered terminal spore cases of Zosterophyllum myretonianum 
Penh., from the lower Old Red Sandstone of Scotland ** are also of simi- 
lar construction, although differing from the Beartooth species in their 
reniform shape, radial arrangement, and wider spacing on their axes. Z. 


2 W. H. Lang: personal communication. 
22R. Kriiusel and H. Weyland: Die Flora des deutschen Unterdevons, Abh., Preus. 
Geol. Landes., n. s., heft 181 (1930) p. 1-92. 


233. W. Dawson: op. cit. 
%W. H. Lang: Contributions to the study of the Old Red Sandstone flora of Scotland. 


VI. On Zosterophyllum myretonianum, Penh., and some other plant remains from the 
Carmyllie beds of the Lower Old Red Sandstone. VII. On a specimen of Pseudospo- 
rochnus from the Stromness beds, Trans., Roy. Soc. Edinburgh, vol. 55, pt. 2 (1927) p. 
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australianum Lang and Cookson, from the Lower Devonian of Australia,”* 
is equally similar. The comparison with these two species of Zostero- 
phyllum is especially significant, as actual spores have been demonstrated 
within the appendages of both. 

A comparison of the clustered fructifications of Bucheria ovata with 
herbarium material at the New York Botanical Garden brought out a 
general similarity in morphological construction to several simple ferns, 
such as Botrychium and Ophioglossum. Although the writer feels that 
the Lower Devonian floras are far too distantly removed in time from 
present-day floras to attempt to establish systematic affinities, the compari- 
son at least indicates the presence in the Lower Devonian of a type of 
fructification which is not radically different from the arrangement in 
several simple, modern ferns. 

Much remains to be learned as to the true nature of the clustered fructi- 
fications. The vegetative portions of the species are unrecognized. De- 
spite the lack of more complete material, however, the large number of 
well-defined and beautifully preserved specimens seems to justify the 
new generic name, Bucheria; this designation is intentionally noncom- 
mittal as to systematic affinities, which are at present doubtful. It is 
with pleasure that the writer has named the genus in honor of Dr. and 
Mrs. Walter H. Bucher, of Cincinnati, Ohio. 


HOSTIMELLA, Potonié and Bernard 
Hostimella sp. 
(Plate 43, figures 17, 18) 


The collections from Beartooth Butte contain about a dozen thin, dicho- 
tomously-branched stems without spines. Similar forms are recorded 
from most of the Devonian localities elsewhere and are usually referred 
to the form type, Hostimella sp., although there is no definite line of 
demarcation between this designation and Aphyllopteris.2® Included as 
Hostimella sp., however, are two types of smooth axes differing chiefly in 
the presence or absence of peculiar axillary “budlike” structures. These 
are to be seen in several specimens from the Middle Old Red Sandstone 
of Scotland,?? the Walhalla series of Australia,?* and the Middle Devonian 


2 W. H. Lang and I. Cookson: Some fossil plants of early Devonian type from the 
Walhalla series, Victoria, Australia, Phil. Trans., Roy. Soc. London, ser. B, vol. 219 
(1930) p. 183-163. 

%W.H. Lang and I. Cookson: op. cit. 

27W. H. Lang: Contributions to the study of the Old Red Sandstone flora of Scot- 
land. I. On plant remains from the fish beds of Cromarty; II. On a sporangium-bearing 
branch system from the Stromness beds, Trans., Roy. Soc. Edinburgh, vol. 54, pt. 2, no. 
2 (1925) p. 253-279. 

%W. H. Lang and I. Cookson: op. cit. 
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of Germany,”® Belgium,®° and Bohemia.** In none of the Wyoming speci- 
mens is there any trace of an “axillary bud.” With the exception of such 
forms as do possess these peculiar structures, it is difficult to distinguish 
the Wyoming specimens from most of the figured specimens of Hostimella 
sp., from the Lower or the Middle Devonian. Those recorded by Halle 
from the Lower Devonian of Norway are perhaps the most strikingly 
similar. 

Recently a little light has been cast on the systematic position of these 
common Devonian forms. Naked, dichotomous branches, formerly 
referred to Hostimella hostimensis Potonié and Bernard: have been found 
in direct connection with spiny stems of the Pstlophyton type in Germany ; 
the complete plant is now known as Asterorylon elberfeldense Kriusel 
and Weyland.** This does not, of course, mean that all such branches 
found elsewhere must necessarily have been connected with spiny stems, 
but it at least presents that possibility as more than an unfounded assump- 
tion. In the Wyoming forms there is some reason to believe that this 
was not so; a few of the naked branches are fully as thick as those of 
Psilophyton bearing many well-defined spines; also, the thinner branches 
without spines are not smaller than those of Psilophyton that do bear 
spines. 

It is obvious that these naked branches must remain as of unsatisfac- 
tory classification despite their common occurrence in Lower and Middle 
Devonian floras, until such time as they may be found in direct associa- 
tion with larger stems of similar or different characteristics. In the 
present flora no such complete specimens have been found. 

That the terminal ends of the naked branches of Hostimella sp. might 
have borne the fructifications described as Bucheria ovata has been men- 
tioned in the discussion of the latter species. 


BROGGERIA, Nathorst 
(?) Bréggeria strobdiliformis, Dorf 
(Plate 48, figures 13, 14) 


2R. Kriiusel and H. Weyland: Beitrige sur Kenntnis der Devonflora I, Sencken- 
bergiana, vol. 5, no. 5/6 (1923) p. 154-184. 

80 A. Carpentier: Empréintes recueillies dans le Dévonien Moyen et le Dévonien Infé- 
rieur de Bassin de Dinant (Région Occidentale), Soc. Geol. France, Bull. ser. 4, vol. 80 
(1930) p. 653-657. 

 H. Potonie and C. Bernard: Flore Dévonienne de Vétage, H. de Barrande, Leipzig 
(1904). 

2 R. Kriusel and H. Weyland: Beitrige sur Kenntnis der Devonflora II, Abh., Sencken- 
bergischen Naturforsch. Gesell., band 40, heft 2 (1927) p. 115-155. 
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This species is represented in the Wyoming collections by a single 
specimen. In this, however, the characters are well defined and of a 
decidedly new type worthy of recognition as a matter of record. 

As shown in figure 13, the species is based on an impression of a 
cylindrical, strobilis-like body studded with numerous small, rounded 
bodies. It resembles in general appearance the terminal, sporangia-bear- 
ing catkins of Equisetaceous plants. Until much more material of this 
type is discovered and studied, the determination must remain unsatisfac- 
tory and questionable. 

The tentative reference to Bréggeria is based on comparison with the 
species recorded from the lower Middle Devonian of western Norway,** 
but the similarity is none too great. The writer feels certain that the 
Wyoming form cannot be definitely referred to any previously recorded 
genus. It would be unreasonable, however, to describe a new genus on 
such insufficient data as our single specimen affords. 

Bréggeria norvegica Nat., as figured by Nathorst, is clearly of strobiloid 
nature. It is considerably larger than the Wyoming type and exhibits 
a much more open and loose arrangement of sporangia (?). It also 
possesses short, leaflike appendages, which separate the individual bodies 
from one another. This feature is not evident in the Wyoming specimen. 
In general appearance, however, the Norwegian species is the only Devo- 
nian form with which a comparison is at all possible. 


CORRELATION 


In attempting to determine the exact age of the plant-bearing beds 
at Beartooth, several significant factors should be kept in mind: (1) Com- 
parisons must, of necessity, be with floras which are far distant from 
the Beartooth flora; such long-distance correlation is not entirely satis- 
factory; (2) the Beartooth flora, consisting of only five distinct forms, is 
too small for accurate comparison with larger floras elsewhere; (3) none 
of the species is identical with any recorded from other localities, so 
that conclusions must be drawn from index types rather than from 
index species; (4) the exact ages of Canadian and European Devonian 
floras, with which comparisons are made, are by no means definitely 
settled ; obviously, unless the stratigraphic position of such floras is deter- 
mined by superposition and associated animal remains, the exact age 
reference can not be made until the Devonian floras are better known. 


33 A. G. Nathorst : Zur Devonflora des Westlichen Norwegens, Bergens Museums Aarbok, 
no. 9 (1914-1915) p. 1-34. 
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Fortunately, the age determination of the Beartooth beds is helped 
by faunal remains and stratigraphic relations. Unconformably below 
the beds lies the Bighorn dolomite of Upper Ordovician age **; above 
them lies the Jefferson limestone of the Middle Devonian.** Thus, the 
formation is either Silurian or Lower to Middle Devonian in age. The 
possibility of Silurian age is extremely remote; no authentic terrestrial 
floras have been recorded from Silurian rocks anywhere in the world. 
The fish fauna which occurs in direct association with the plant remains 
is distinctly of Lower Devonian aspect.** The plant remains substantiate 
the age determination based on the fish remains. 

Considering the Beartooth flora as a whole, it is apparent that here 
is a representative of the so-called Psilophyton flora ** of the early Devo- 
nian. This type is replaced in the upper part of the Middle Devonian 
by the well-known and more highly organized Archeopteris flora.** Thus, 
it is relatively certain that the Beartooth flora, aside from stratigraphic 
and other paleontologic implications, must be older than upper Middle 
Devonian. 

Among the European representatives of the Psilophyton flora, the 
association of Psilophyton goldschmidtii, Hostimella, and (?) Daw- 
sonites sp., from the Lower Devonian of Willwerath, Germany,*® is of 
essentially the same character as the Beartooth flora. The three Will- 
werath types are among the most similar correlatives of the three most 
abundant Beartooth species, Psilophyton wyomingense, Hostimella sp., 
and Bucheria ovata. Other floras which are comparable to the Beartooth 
flora as an association of types are the Campbellton flora of eastern 
Canada, the Lower Old Red Sandstone of Scotland, and the Réragen 
flora of Norway, all of which are considered to be of Lower Devonian 
age. Although these observations tend to substantiate the evidence of 
the associated fish remains and the stratigraphic position for a Lower 
Devonian age, it may be instructive to compare the individual forms in 
the Beartooth flora with related forms elsewhere. 

Psilophyton wyomingense is well represented in the Beartooth col- 
lections. Its nearest relatives, judged by close similarity in megascopic 


% A. K. Miller: The age and correlation of the Bighorn formation of northwestern 
United States, Am. Jour. Sci., 5th ser., vol. 20 (1930) p. 195. 

%T. S. Lovering: The New World, or Cooke City mining district, Park County, Mon- 
tana, U. S. Geol. Surv. Bull. 811-A (1929) p. 1-87. 

%*W. L. Bryant: Lower Devonian fishes of Beartooth Butte, Wyoming, Proc. Am. Phil. 
Soc., vol. 71, no. 5 (1932) p. 225-254. 

37. A. N. Arber: Devonian floras. Cambridge (1921). 

% R. Kriiusel and H. Weyland: Beitrige sur Kenntnis der Devonflora II, Abh., Sencken- 
bergischen Naturforsch. Gesell., band 40, heft 2 (1927) p. 115-155. 

*®R. Kriiusel and H. Weyland: Die Flora des deutschen Unterdevons, Abh., Preus. 
Geol. Landes., n. s., heft 131 (1930) p. 1-92. 
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characters, are Psilophyton princeps and P. goldschmidtii, both of wide- 
spread distribution, and Psilophyton sp., from Bulandet, Norway. The 
typical spine-bearing stems of Psilophyton are especially characteristic 
of the Lower Devonian as exemplified by its occurrence at Campbellton, 
Matringhem, Roragen, and in Scotland. Lang reports that authentic 
specimens of P. princeps are known only from the Lower Old Red Sand- 
stone of Lower Devonian age, although the “name has frequently been 
loosely applied to remains” in the Middle Old Red Sandstone of Lower 
to Middle Devonian age. P. goldschmidtw is confined to the Lower Devo- 
nian and is considered to be one of the most widespread Lower Devonian 
species of Europe.*® The third correlative, Psilophyton sp., from Bulan- 
det, Norway, is likewise referred to the Lower Devonian. 

Bucheria ovata, which is also abundant in the Beartooth flora, is of 
the same general construction as ?Dawsonttes sp., the “cones” of Arthro- 
stigma, and Zosterophyllum. The described and figured specimen of 
?Dawsonites sp., is of a type that is recorded from only one European 
locality ; the beds in which it occurs are referred to the Lower Devonian. 
In eastern Canada the “cones” of Arthrostigma are likewise confined to 
the Lower Devonian. The same age determination is given for the beds 
containing Zosterophyllum myretonianum,” and Z. australianum.* 

Hostimella sp. possesses less distinctive characteristics, which detracts 
from its usefulness as a guide fossil. In all the Beartooth specimens, 
however, there is a notable lack of the small “axillary buds” observed 
in Hostimella sp., from several European localities. Lang and Cookson 
have pertinently pointed out that these axillary “budlike” structures 
are not known in the Hostimella branches of the Lower Devonian in 
Europe but are recorded from several scattered horizons in the Middle 
Devonian. Since the publication of their paper, however, “axillary buds” 
have been found in the Lower Devonian of Scotland,** but they are not 
abundant and cannot be considered as characteristic. Although such 
negative evidence is of doubtful value when considered alone, it does 


RR. Kriiusel and H. Weyland: Uber Planzenreste aus dem Devon Deutschlands, 
Senckenbergiana, vol. 12, no. 4/5 (1930) p. 217-221. 

“1 W. H. Lang: Contributions to the study of the Old Red Sandstone flora of Scotland. 
VI. On Zosterophyllum myretonianum, Penh., and some other plant remains from the 
Carmyllie beds of the Lower Old Red Sandstone; VII. On a specimen of Pseudospo- 
rochnus from the Stromness beds, Trans., Roy. Soc. Edinburgh, vol. 55, pt. 2 (1927) 
p. 443-455. 

4 Ww. H. Lang and I. Cookson: Some fossil plants of early Devonian type from the 
Walhalla series, Victoria, Australia, Trans. Roy. Soc. London, ser. B, vol. 219 (1930) 
p. 133-163. 

4 W. H. Lang: Contributions to the study of the Old Red Sandstone flora ef Scotland. 
VIII. On Arthrostigma, Psilophyton, and some associated plant remains from the Strath- 
more beds of the Caledonian Lower Old Red Sandstone, Trans. Roy. Soc. Edinburgh, vol. 
57, pt. 2, no. 17 (1932-1933). 
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afford additional corroboration of the Lower Devonian age indicated by 
Psilophyton wyomingense and Bucheria ovata. 

The two forms, (?)Bréggeria strobiliformis and (?)Psilophyton sp., 
are represented in the collections by one specimen each, neither being 
considered distinctive enough to render a definite generic determination. 
They are consequently of little or no value as indices of geologic age. 

It seems apparent that the combined evidence derived from the plant 
remains, the associated fish remains, and the geologic relations of the 
fossiliferous beds is clearly indicative of a Lower Devonian age. 


SUMMARY 


1. The Beartooth Butte collections represent the first evidence of ter- 
restrial plants from the Paleozoic system of the Rocky Mountains. 

2. The flora consists of five distinct types, referred to the order Psilo- 
phytales, which represents the first terrestrial plant group known from 
the geologic record. 

3. The evidence of the plant remains substantiates the Lower Devo- 
nian age reference made previously on the basis of associated Ostracoderm 
and Arthrodire plates. 

4. The discovery extends into western North America the primitive 
Psilophyton flora, which was apparently more widespread and uniform 
than had been previously judged from its occurrence in eastern Canada 
and western Europe. 
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INTRODUCTION 


Elevated marine shore lines offer means of studying the late-glacial 
crustal movements and changes of sea level. The east coast of Massa- 
chusetts offers excellent material for such a study, for here occur the 
southernmost exposed shores of the late-glacial ocean, the glacial shores 
farther south having been submerged. The glacial shores of Massachu- 
setts have interested geologists for many years, but although the altitude 
of the late-glacial marine limit has been fairly well settled, other prob- 
lems, such as the differentiation of the marginal shore line from the 
marine limit, have heretofore received little consideration. The highest 
level reached by the sea at the close of the Pleistocene is known as the 
marine limit, whereas by the term, marginal shore, is meant the level 
of the sea at the ice front at any particular time as it retreated north- 
ward along the coast. 

Changes of level of land and sea are complex problems involving both 
tilting of the land and rise of sea level. Shores of glacial lakes record 
only the movements of the land, but the glacial marine shores may record 
movements of both land and sea. In this paper an attempt is made to 
analyze the records left by these two separate movements and to deter- 
mine the nature and sequence of the movements themselves. Besides 


* Manuscript received by the Secretary of t.e Society, July 22, 1933. 
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the specific conclusions presented, a principal aim of this paper is to 
show the possibility of obtaining information about movements of land 
and sea by a comparative study of the records of the marine limit and of 
the marginal shore. 

The marine limit is marked by elevated beaches, bars, and spits; the 
marginal shore is marked by deltas built from the ice front into the 
ocean. Many of these features were studied along the east coast of 
Massachusetts, and their elevations were determined. The elevations of 
the more important features were obtained by the wye-level, and in some 
places stadia methods with a transit were used. For short distances the 
hand level was sometimes employed. None of the elevations was deter- 
mined by barometer.* 


PREVIOUS STUDIES 


In early studies of the marine submergence on the coasts of North 
America it was observed that there is, in general, a rise in elevation of 
the marine deposits toward the north, owing to an elevation of the land 
in that direction. Upham? in 1888 determined that the point at which 
the southward-declining marine record passes below present sea level is 
near Boston, and subsequent studies have corroborated this. DeGeer® 
in 1892 made the first notable attempt to compute the direction and the 
amount of crustal uplift in eastern North America by drawing lines, 
or isobases, connecting shores of equal elevation. Assuming that the 
land alone had moved since the Glacial Period, he interpreted the zero 
isobase, or intersection of ancient and modern water levels, near Boston 
as being on the initial hinge line of uplift. This view prevailed until 
Antevs* in 1928 showed that the sea also had risen and had drowned part 
of the tilted marine plane, which must therefore continue in a sub- 
merged state to some point far south of Boston before reaching horizon- 


tality. 


1The writers wish to express their gratitude for valuable assistance in determining 
elevations received from W. J. Backes, chief engineer of the Boston and Maine Railroad, 
who provided profiles of that company’s lines in the area being studied; from Arthur 
Larabee, of the Massachusetts Department of Public Works, who gave information about 
the elevations on various highways; and from R. C. Allen, of Manchester, who furnished 
elevations in that town: also to Prof. J. W. Goldthwait, who gave the elevations of 
numerous raised-shore features in New Hampshire. 

2 Warren Upham: Marine shells and fragments of shells in the till near Boston, Proc. 
Boston Soc. Nat. Hist., vol. 24 (1888) p. 137-141. 

8 Gerard DeGeer: Pleistocene changes of level in eastern North America, Proc. Boston 
Soc. Nat. Hist., vol. 25 (1893) p. 22-44. 

Ernst Antevs: The last glaciation, with special reference to the ice retreat in north- 
eastern North America, Am. Geogr. Soc. Res. Ser., no. 17 (1928) p. 81-93. 
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Almost the only detailed accounts of the raised shores in Massachusetts 
are those in the joint paper by Tarr and Woodworth® in 1903 and the 
one by Horner® in 1929. Hérner worked out the slope of the marine 
plane and located the isobases. The present study has, in general, con- 
firmed the work of Horner. 

Pleistocene shore features in Essex County have been described by 
Sears,’ but he did not interpret them. The uplift of New England was 
studied by Fairchild, who published several articles,* but his interpre- 
tations and conclusions are not in agreement with the views of other 
students of the problem. According to Fairchild, the uplift was several 
hundred feet greater in eastern Massachusetts than other workers have 
believed. This discrepancy of views was discussed by Hérner® and will 
not be taken up here. 

Along the New Hampshire coast many elevated shore features have 
been studied by Goldthwait,’° and the present writers are in general ° 
agreement with his conclusions. 


POSSIBLE EFFECTS OF TILTING OF LAND AND RISE OF SEA 


Before describing the observed shore features and attempting to in- 
terpret them, the possible effects of tilting of the land and change of sea 
level will be discussed. 

There is ample evidence that the glaciated portion of North America 
has been uplifted and tilted, the uplift being much greater to the north | 
than to the south. Also, a world-wide rise of sea level, due to the inflow 
of water from the melting ice caps, has been computed by Antevs*! to 
have raised the general sea level about 300 feet. This rise was contempo- 
raneous with the retreat of the ice front. The inflow of meltwater into 
the sea was a continuous process, but the rate of rise of sea level was not 


5R. S. Tarr: Postglacial and interglacial (?) changes of level at Cape Ann, Massachu- 
setts, with a note on the elevated beaches by J. B. Woodworth, Bull. Mus. Comp. Zool. 
Harvard Coll., vol. 42, geol. ser., vol. 6, no. 4 (1908). 

®N. G. Hérner: Late glacial marine limit in Massachusetts, Am. Jour. Sci., vol. 17 
(1929) p. 123-145. 

7J. H. Sears: Evidences of subsidence and elevation in Essex County in Recent geologi- 
cal time as shown by field work at the seashore, Bull. Essex Inst., vol. 26 (1894) p. 
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necessarily regular. It might have been affected by variations in the 
rate of melting of the ice caps and by possible sinking of the sea floors, 
but ultimately it reached a higher level than at the maximum of glaciation. 

The rise of the land was, likewise, subject to complexities. It may have 
taken place constantly as the ice was withdrawing northward and un- 
weighting constantly newer areas, or it may not have occurred until the 
ice had drawn far back from the localities studied. Various combinations 
of these possibilities are conceivable. 

Considering first the case of uplift as the ice was withdrawing, we 
find that if the sea were rising more rapidly than the land, the marginal 
shores would be drowned soon after they were uncovered, and we should 
find marine beaches higher than the marginal deltas. If, however, the 
land rose at a uniform rate more rapidly than the sea, the marginal shores 
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Ficurr 1.—Marine limit and marginal shore profile 
Produced by steady rise of sea during a period of tilting of the land. 


would be elevated above the sea as fast as they were formed and would 
coincide with the marine limit, and a profile through them would be con- 
vex upward. 

In this last case, several combinations are possible. If the land were 
rising steadily with differential uplift, or tilting, and the sea were rising 
steadily at a lesser rate, marginal shore deltas would become elevated as 
formed, and the profile of marginal shore deltas would be convex upward. 
This possibility is illustrated in Figure 1. If the uplift were differential 
and steady and the rate of rise of the sea increased markedly during the 
uplift, there would be a concave angle between two convex curves, as 
illustrated in Figure 2. A profile similar to this would be produced if 
the rate of rise of the sea were regular and differential uplift were in 
progress with a marked decrease in the rate of tilting. If, however, the 
uplift were uniform and not differential, the profiles would consist of 
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straight lines, but the angles between the sections of the profile would 
be concave. 

If, on the other hand, the land were stable during the formation of 
the marginal shore features, a profile of these features would show the 
effect of rise of sea level. If this were at a decreasing rate, the profile 
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Figure 2.—Marine limit and marginal shore profile 


Produced by tilting of the land at a steady rate during a period of slowly rising sea, 
followed by more rapidly rising sea. 


should be convex upward, but if it were at an increasing rate, the profile 
should be concave upward. Also, if sea level fell and then were sta- 
tionary, the profile would have a concave angle, as shown in Figure 3. 
If the land were stable during the retreat of the ice along the Massa- 
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Figure 3.—Marine limit and marginal shore profile 
Produced by sea rising and falling during a period of stability of the land. 


chusetts coast, and subsequent uplift were regular, the profile of mar- 
ginal shores will possess only such variations as are due to fluctuations 
of the sea level previous to the uplift of the land. Local deformation 
might, however, have so altered the original arrangement of these 
features that their interpretation would now be impossible. 

Since the sea, at least, was changing in level, although the land might 
have remained stable, a profile of marginal shores is only a composite 
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shore and not a profile of the marine plane at any given time. Under 
certain conditions the same is true of the marine limit, as is demonstrated 
in Figure 1. 

Above the true marine limit no marine shores exists, but shore features 
formed in glacial lakes are known at many places in New England and 
elsewhere in the glaciated regions. There is no positive criterion for 
distinguishing a marine shore feature from one formed in a fresh-water 
lake. There are many places along the coast, however, where it is im- 
probable that any body of water could have been confined above sea 
level. By using only features in such positions, the chance of mistaking 
lake shores for marine shores is greatly reduced. 

As the land rose during the tilting, beaches may have been developed 
below the marine limit. If, during the retreat of the ice, the sea fell 
instead of rising, a similar effect would be produced, for then, shore 
features would be formed below the marginal deltas. If gravitative at- 
traction of the ice held the water at a higher level close to the ice front, 
then, as the ice retreated from any given locality, the water surface at 
that locality would drop.** For this reason, proglacial deltas at the 
ice front would be somewhat higher than deltas built some distance 
beyond the ice front. 


NATURE OF ELEVATED SHORE FEATURES 


Elevated beaches and other shore features have been found at many 
places along the Massachusetts coast north of Boston, but south of Boston 
Harbor no elevated marine shore features are known. Several geologists 
have searched for elevated beaches along that south coast, and all except 
Fairchild have agreed that the sea has not stood higher along this part 
of the coast since the last glaciation. Possibility of a higher stand of 
the sea here was discussed by Hoérner,** who was convinced that there 
were no elevated marine shore features south of a point about twenty 
miles south of Boston. The present writers have investigated this sec- 
tion of the coast and searched for elevated shore features and are in 
agreement with Horner’s statement. The zero isobase, or line south of 
which the sea has not stood higher than the present shore since the last 
glaciation, is therefore believed to be near Cohasset, about twenty miles 
south of Boston. South of this line, shore features made by the late- 


2R. S. Woodward: On the form and position of sea level, U. 8. Geol. Surv. Bull. 48 
(1888) p. 47-54. 
Frank Leverett, and F. B. Taylor: The Pleistocene of Indiana and Michigan and 
the ‘history of the Great Lakes, U. S. Geol. Surv. Mon. 53 (1915) p. 342-348. 
33N. G. Horner: op. cit., p. 127, 128, 130-134. 
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glacial ocean have been submerged, and north of this line they have 
been elevated. 

Features marking the water levels of late-glacial time are of two types: 
(1) Glacial deltas marking the marginal shore and taking the form of 
either isolated flat-topped plateaus, built against the ice front in con- 
siderable depth of water (proglacial) or built from a shore by waters 
from ice some distance away (extraglacial) ; (2) beaches, bars, spits, 
and wave-cut benches that mark the level of the sea after the ice had 
retreated from the immediate vicinity. Highest marine features mark 
the marine limit, but only glacial deltas mark the marginal shore. Pro- 
glacial deltas may or may not be built up to the surface of the water, but 
it is reasonably certain that many of these were. An attempt has 
been made to differentiate those deltas which were built up to the 
water surface from those which were not. Beach ridges were built 
to varying heights above high tide, and it is often imposssible to deter- 
mine just where the mean sea level of late-glacial times stood on the 
beaches and other shore features, but in certain places there is some 
evidence. There is no reason for believing that the range of tide was 
much different from what it is now, and evidence will be presented to 
show that it was approximately the same—eight to ten feet. 

Boston Harbor and the Boston Basin occupy a position just north of 
the zero isobase, and one might hope to find there the southernmost ele- 
vated shore features; but there is a possibility that an ice dam held up 
a fresh-water lake in this basin, in which event, elevated shores might 
mark the level of such a lake and not of the ocean. It is not within the 
province of this paper to attempt to determine whether such a lake ever 
existed or whether shore features in the Boston Basin are marine. To 
avoid possibility of error, therefore, elevated shore features in the Boston 
Basin were not used in this study. 

Compared with the elevated shores about the Great Lakes or the Lake 
Bonneville shore, elevated shore features observed along the New Eng- 
land coast are weak. Some of the elevated shores in New Hampshire 
appear to be stronger than those in Massachusetts, but compared to the 
present shores all the marine elevated shores in New England are re- 
markably weak. This fact has been previously noted by others, and 
various explanations have been given. Stone** and others believed that 
the sea had stood at any one level for only a short period and had there- 


4G. H. Stone: The glacial gravels of Maine and their associated deposits, U. 8. Geol. 
Surv. Mon. 84 (1899) p. 44. 
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fore not had time to produce well-developed shores. Antevs,’* also, 
considered that the weakness of the elevated shore features indicated 
that the sea stood at any one level only a short time because the land 
was rising. The possibilities that the ocean was frozen or filled with 
floating ice or that a tongue of ice lay off shore have been advanced. 
Daly’® pointed out that in Labrador, where the possibility that the 
ocean was frozen is greater, the elevated shores are more strongly devel- 
oped, and he advanced the theory that the Gulf of Maine was nearly land- 
locked, owing to a peripheral bulge extending from Cabot Strait to New 
Jersey, with the result that large waves could not have developed, and, 
therefore, well-developed shore features were not formed. 

Although there are many drumlins in exposed positions on the Massa- 
chusetts coast, elevated shore features are scarce on them, and it is diffi- 
cult to understand why so many of these exposed drumlins show no evi- 
dence of wave action. On many drumlins soil creep is important, and 
it is probable that this agency is effective in rendering elevated shore 
features on drumlins unrecognizable, although it does not destroy the 
symmetrical form of the drumlin. This may partly account for the sur- 
prising scarcity of shores cut in drumlins. 


DESCRIPTION OF OBSERVED ELEVATED SHORES 


The different elevated shore features that are used in this study, and 
of which elevations were obtained, will be briefly described, taking first 
the southernmost ones and omitting features in the Boston Basin. All 
elevations are referred to mean sea level. 

MASSACHUSETTS SHORES 
Great Brewster Island 

In the outer harbor on the west side of the high drumlin on Great 
Brewster Island is a bench with average elevation of 26 feet above mean 
sea level, which may be an old shore feature. This island is so far out 
from the mainland that it is reasonably certain that any elevated shore 
features on it were formed by the sea and not by a glacial lake. 


Revere 

In the western part of the city of Revere is a long, low ridge of till, 
on the northeastern side of which is a rather indistinct shore line with 
an elevation above sea level of 38 feet. 


13 Ernst Antevs: Late Quaternary changes of level in Maine, Am. Jour. Sci., vol. 15 
(1928) p. 329. 

1%6R. A. Daly: Oscillations of level in the belts peripheral to the Pleistocene ice caps, 
Bull. Geol. Soc. Am., vol. 31 (1920) p. 305-310. 
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In that part of Revere known as Franklin Park are two small gravel 
bars that appear to have connected small rock islands with the mainland. 
One of these extends southeast of number 111 Salem Street, and the 
other is immediately south of the highway bridge, a few hundred feet 
south of the Franklin Park station. The elevation of the top of the 
first bar is 43 feet and of the second bar 37 feet. 


On the southern part of Baker Hill is a broad bar of gravel connecting 
two rock knobs with the main hill. This feature was described by 
H6rner,!” who gave the elevation as 45 to 50 feet. 

At the southern end of Prankers (Lily’s) Pond is a proglacial delta, 
which was described by Hérner,’* who gave its elevation as approxi- 
mately 50 feet. 

On the hillside northwest of Lincoln Avenue between Cliftondale and 
Saugus, is a feature that may be a small pocket beach. It has the form 
of a beach but is somewhat concealed by buildings, and its identification 
is doubtful. The elevation of the front edge is 50 feet. 


Swampscott 


Phillips Point in Swampscott is a rock hill which was tied to the main- 
land by two beaches. The crest of the eastern beach is 36 feet above sea 
level. It was probably built above high tide. 

Near the Phillips Beach station in Swampscott is a nearly flat plain 
that slopes gently towards the sea and appears to be a proglacial delta. 
Its elevation varies from 46 to 42 feet. Nearby is a small hill on which 
stands the Preston House. The eastern part of this hill has been cut 
away by the sea, and the hill appears to be the remnant of a proglacial 
delta. The top of the hill is 46 feet above sea level. These two deltas 
mark the marginal shore. 


Marblehead 


At the southeastern corner of Marblehead Neck the highway is on the 
crest of an elevated beach, 47 feet above sea level, which was described 
by Hérner. This beach was probably built above mean sea level. 


Beverly 


At North Beverly, south of Wenham Lake, is an undulating plain, 
also listed by Horner. It appears to be a proglacial delta, built at the 
front of an ice lobe that occupied the basin of Wenham Lake. The eleva- 


17N, G. Horner: op. cit., p. 127. 
Idem, p. 129. 
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tion of this plain at the railroad station is 67 feet above sea level, but 
farther south it is lower. 

At Beverly Farms there are sand terraces, representing deltas, on both 
sides of a brook. These were mentioned by Horner,?® who gave the ele- 
vation as 45 to 50 feet. 


Manchester 


In the northern part of the village of Manchester, near the corner 
of School and Pleasant streets is a delta with a level surface except for 
a kettle hole in the cemetery. In a pit east of the cemetery, topset and 
foreset beds are exposed. This delta was listed by Hoérner,?° who gave 
the elevation as 50 to 55 feet. 


Gloucester 


On Eastern Point, Gloucester, are three elevated beaches, which were 
described by Tarr,?* who gave the elevations as 50, 41, and 52 feet. A 
marine delta, one mile north of Bass Rock, beside the road from Gloucester 
to Rockport, has been described by Tarr?? as the only perfectly defined 
deposit of this sort on Cape Ann. Since Tarr described it the delta has 
been largely removed for its gravel, but a few large original surfaces 
remain. In the Catholic cemetery south of the branch road to Long 
Beach, ten feet of gravel topsets, with a surface elevation of 64 feet, 
overlie foreset beds of sand. This is approximately at the distal border 
of the delta. North of the branch road the proximal parts of the delta 
rise higher, a small plain on which several houses are built averaging 
75 feet in elevation. Between this plain and the cemetery the delta 
surface appears to have been cut down by a glacial stream crossing the 
delta diagonally from west to east after the distal parts of the deposit 
were formed. Within the channeled area, which is several score yards 
wide, a gravel pit shows only one to three fect of horizontally bedded 
stream gravels overlying foreset beds, the surface declining to elevations 
as low as 57 feet. This feature indicates that after the delta had been 
built into the sea with an elevation of about 64 feet, it was cut down at 
least seven feet while the ice was still near enough to be contributing 
water to it. It appears possible that as the ice retreated from this delta, 
the sea level fell, owing possibly to decreased gravitative attraction, and 
the glacial stream was thus enabled to cut its channel below the mar- 
ginal shore. 


Idem. 
2% Idem. 
2R. S. Tarr: op. cit., p. 186, 187. 
2 Idem, p. 184. 
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In Stage Fort Park, on the mainland southwest of Gloucester, is a 
small glacio-fluvial deposit with kettle holes, which was described by 
Horner. The elevation of the highest part is 59 feet. 


Rockport 


At Whale Cove, a mile east of Rockport Harbor, is an elevated bar 
which was described by Woodworth.** The present writers determined 
the elevation of the crest of this bar as 71 feet. Behind the bar is a flat, 
now used as a golf course, at the back side of which is a small bar at an 
elevation of 73 feet, and nearby is a boulder pavement at an elevation of 
71 feet. The highest bar may have been near high-tide level, in which 
event mean sea level would have been a few feet lower. 


Hamilton 


In the southeastern part of Hamilton, at the corner of Essex and 
Woodbury streets, the flat plain is a proglacial delta at an elevation of 
70 feet. 


Essex 


In the eastern part of Essex, surrounded by salt marsh and tidal chan- 
nels, is a large drumlin known as Hog Island. Its summit is approxi- 
mately 140 feet above sea level. It would at first appear that this hill 
should have been exposed to the full force of storm waves when the sea 
was at a higher level, but it may have been protected by drumlins a 
short distance to the northeast, the eroded remnants of which are now 
covered by the sand dunes which form Castle Neck. At the south end 
of the hill is a terrace at an approximate elevation of 65 feet, which ap- 
pears to have been formed by wave-cutting and deposition. 


Ipswich 


Tilton Hill in Ipswich has small tongues, or spits, of gravel on the 
southwest and northeast sides, both at an elevation of 65 feet. 

Plover Hill on Great Neck has two features which may be old shores. 
On the east side of the hill is an irregular bench with a concentration of 
boulders. Evidently there has been much soil creep here, and the orig- 
inal configuration of the bench has been somewhat changed. The aver- 
age elevation is about 78 feet. On the south end of the hill is a wave- 
cut and wave-built terrace at an elevation of 65 feet. 

North Ridge is the northern end of Great Neck, and on the northern 
side of the ridge is a bench, cut into the hill at an elevation of 50 feet. 


2R.S. Tarr: op. cit., p. 192, 193. 
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The bench is about a quarter of a mile long and has a maximum width 
of approximately 100 feet. 

On the northeast side of the Ipswich-Essex road, a mile south of Heart- 
break Hill in Ipswich, there is a small glacio-fluvial delta, listed by 
Horner,** who gave the altitude as 70 to 75 feet. This supposed delta 
may not have been built up to water level. 

About two miles west of Ipswich, on the south side of Scott Hill, is 
an old beach and a delta. The beach consists of a narrow terrace with a 
line of boulders at the inner edge. The elevation of the highest part of 
the boulders is 86 feet, and this probably marked the high-tide level. Ex- 
tending southwesterly from this beach is a delta plain built by a glacial 
stream that flowed just west of Scott Hill. As no stream flows there to- 
day, the delta was probably built when the ice was nearby. Northwest 
of Scott Hill is a long esker leading towards the delta. A stream channel 
can be traced across the delta to the distal border, where it terminates. 
The elevation of the floor of this channel at the distal border is 78 feet, 
and this probably marks low-tide level. The difference in elevation be- 
tween low- and high-tide level was, therefore, eight feet, the tidal range 
being approximately the same as it is today. _ 

Three quarters of a mile west of the Scott Hill delta is a small proglacial 
delta with a cloverleaf form. The elevation of the top varies from 72 
to 74 feet. It is possible that this delta was not built up to the water 
surface. 


Newbury 


Two drumlins rise prominently above the lowland at Newbury Old 
Town and give evidence that the sea stood at two different higher levels. 
The southern, and larger, drumlin was oversteepened on the south side 
and east end, the elevation of the base of the wave-cut cliffs being 45 feet ; 
the northern drumlin, Little Hill, was oversteepened on the east end, the 
elevation of the base of wave-cutting being 60 feet. The two hills are 
joined by a curved beach, the crest of which is 68 feet in elevation, which 
agrees with the elevation of wave-cutting in Little Hill. Apparently, 
currents swept the material cut from Little Hill to the southwest and 
built a bar into a broad beach which probably rose above normal high 
tides. East of these hills a smooth plain slopes gently toward the sea. 

The town of Newburyport stands partly on a hill consisting of a pro- 
glacial delta which will be described later. Extending southeast from 
this delta for two miles into Newbury is a ridge with an even crest. For 
part of its length the highway from Newburyport to Newhury Old Town 


24N. G. Horner: op. cit., p. 128. 
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runs on the crest of this ridge, at an elevation of 60 feet. This ridge 
appears to be part of a moraine which was worked over by the waves 
and given the shape of a bar. The ridge descends before connecting with 
Little Hill, and there is a gap, in which, however, is a lower ridge with 
crest elevation of 27 feet. This appears to be a beach ridge built when 
the sea stood at a lower level. 

There is, thus, evidence of three different levels of the sea in Newbury, 
at elevations of 27, 45, and 60 feet; but even the highest of these is not 
the marine limit, for both to the south in Ipswich and to the north in 
Salisbury higher shores are known. 


Newburyport 


The aforementioned delta in Newburyport is proglacial and was prob- 
ably built to high-tide level at the front of the ice sheet. This feature 
was described by Horner. The structure of the hill is well shown in a 
large gravel pit. There is an ice-contact slope on the north side of the 
hill, which is nearly flat on top, with elevation of 96 feet. This delta 
and the Grasshopper Plain, farther west, are part of the Newington 
moraine.”° 

In the western part of Newburyport, near the junction of the road to 
the Chain Bridge and the road to Haverhill, is a flat plain containing 
kettle holes and known as Grasshopper Plain. The elevation of the plain 
at the junction of the roads mentioned is 86 feet, but it rises westward, 
and near the hill which stands in the bend of the river south of Ames- 
bury, the level of the plain is about 103 feet; this part of the plain was 
probably built up to sea level. 

Immediately west of Grasshopper Plain, on the north side of the hill 
just mentioned, is a well-developed elevated beach. The elevation of 
the foot of the steep slope at the back side of the beach is 103 feet. In- 
formation about this beach was first received from Goldthwait. 

In the extreme western part of Newburyport is Turkey Hill, on the 
east side of which is a bench cut by the waves. This was a well-developed 
bench, but it has been partly defaced by soil creep. The point where mean 
sea level of that time probably stood is at an elevation of 86 feet, which 
is lower than the elevation of the Newburyport delta. 


Amesbury 


Southeast of Amesbury village, on the south point of the hill which 
is south of Monday Hill, and in the Mount Prospect Cemetery, is a curved 


%¥F. J. Katz and Arthur Keith: The Newington moraine, Maine, New Hampshire, and 
Massachusetts, U. S. Geol. Surv. Prof. Pap. 108-B (1917) p. 11-29. 
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spit, projecting southeasterly from the main mass of the hill. This was 
mentioned by Hérner. It was apparently built by currents and is com- 
posed of gravel. An excavation showed foreset beds. The elevation of 
the top of the northern part of this spit is 110 feet above sea level. 

The hill referred to above is connected to Monday Hill, north of it, 
by a bar, or barrier beach, the crest of which is at an elevation of 94 feet. 
This was either not built up to sea level, or it was built at a time when 
the sea stood lower than during the building of the spit just described. 


Salisbury 


On the south side of Batt Hill in Salisbury is a prominent wave-cut 
bluff, from which a smooth, flat plain extends several hundred yards to 
the south. The elevation of the base of this cliff is 110 to 116 feet. South 
of Batt Hill the above-mentioned flat plain is terraced by another shore. 
The bottom of this slope is at an elevation of 80 feet, probably marking 
a lower level of the sea. This lower shore can be followed for a mile 
or more to the southwest. 


NEW HAMPSHIRE SHORES 
Seabrook 


Grape Hill stands on the boundary between Salisbury, Massachusetts, 
and Seabrook, New Hampshire, and a barrier beach connects this hill with 
the hill to the north. This beach has been studied by Goldthwait,?* who 
gave the elevation of the crest of the beach as 114 feet. 


DOUBTFUL FEATURES 


On several of the drumlins about Boston are benches that somewhat 
resemble elevated shores but were probably formed in other ways. Some 
of them are built out from the drumlins and not cut in at all; these may 
be kame terraces built on the sides of drumlins. Some of these benches 
are not level. They occur at all heights, some below and others above 
the supposed marine limit, and they are found on all sides of the hills, 
being fully as common on the side away from the ocean as on the side 
toward it.?? 

A careful search was made for shore features above the supposed marine 
limit. A mile northwest of Rockport village, Pigeon Hill, a drumlin, 
rises from the shore to an elevation of about 180 feet. Ledges extend 
up to an elevation of about 80 feet on the east side. If the sea ever rose 


2% J. W. Goldthwait: op. cit., p. 31. 
2 W. O. Crosby: Geology of the Boston Basin, Occasional Pap. Boston Soc. Nat. Hist., 
vol. 4, pt. 1 (1893) p. 163-169. 


ae 
4 
4 
pire 
: 
4 


OBSERVED ELEVATED SHORES 455 


higher than that on this drumlin, it should have left its mark, because 
the hill is in an exposed position. On the northeast side of the hill, at 
an elevation of 110 feet, is a bench strewn with boulders, some of which 
were rolled down in clearing the fields above. This bench has an ap- 
pearance suggestive of an old shore line, but there are some abnormal 
features difficult to explain, and it may have been formed in some other 
way, possibly by a subglacial stream. Higher up on the southwest side 
of this hill is a bench, which was described by Woodworth,?* who gave 
the elevation as 140 to 145 feet. It is not entirely horizontal but slopes 
toward the east end, and for this reason, Woodworth concluded that it 
was not a shore feature. 

On the northeast side of Prospect Hill in Rowley is a bench, 50 to 100 
feet wide, and over 300 feet long, with an average elevation of approxi- 
mately 139 feet. Possibly this bench is not a shore feature, but was 
formed in some other way, perhaps by a subglacial stream. 

On the northeast side of the hill south of Monday Hill in Amesbury 
is an indistinct bench at an elevation of 145 feet, which shows up dis- 
tinctly from below. ‘This side of the hill was steepened by the waves, and 
part of the material eroded from it was probably used in the bar which 
connects it with Monday Hill. This erosion may have reduced the breadth 
of the high bench. It is possible that part of this bench was made artifi- 
cially in the development of the golf course; it is possible also that if a 
natural feature, it was not made by the sea. 

It appears probable that none of these benches just described are marine 
shore features, but that they were formed in other ways. 

In a different class, but of doubtful significance, is Coleman Hill in 
Scituate, which was formerly a flat-topped hill of sand and gravel rising 
100 feet above sea level. This hill, now partly removed for its gravel, 
was described by Hérner,”® who decided that it was formed not in the 
sea, but in a glacial lake held in by ice. 


INTERPRETATION OF OBSERVED ELEVATED SHORE 
FEATURES 


The elevated shore features on the coast of Massachusetts and New 
Hampshire rise northward. The marine limit isobases derived from the 
present study and from the work of Goldthwait, Antevs, and Hérner are 
shown on the map in Figure 4, and the accompanying profile of the 
marine limit was drawn at right angles to the isobases from 0 to 250 


*R. S. Tarr: op. cit., p. 192. 
2N. G. Horner: op. cit., p. 134. 
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feet. The marine limit continues unbroken northward into Maine to 
elevations of over 400 feet.*° This profile appears to have continuity, and 
even some increase, in the rate of rise of the marine limit north of Massa- 
chusetts, which at first suggests that the points on the profile are iso- 
chronal and mark one continuous water surface. This would not have 
been so, however, if the sea were rising during the uncovering of the coast. 

To permit study of the marine limit and marginal shores in greater 
detail, the known elevated shore features from the Boston Basin north- 
ward into New Hampshire have been projected upon a profile (Fig. 5). 
The elevations of the shore features in New Hampshire were obtained 
from Goldthwait.** The line of the profile is not straight but was drawn 
normal to the isobases, which are slightly curved. 

Owing to gravitative attraction, the elevation of the sea may have 
been somewhat greater at the ice front than a few miles from it, and 
therefore the elevation of a proglacial delta built at the ice front would 
be somewhat greater than the elevation of a delta, on the same isobase, 
that was built several miles from the ice front. This may partly explain 
the slight divergence of some deltas from the plane. 

The profile shows that the highest beaches and the marginal shore 
deltas are nearly on a plane, and that none of the beaches is appreciably 
higher than the plane of the deltas. This fact indicates that after the 
formation of the marginal shore the sea never again rose higher on the 
shore. Between the Boston Basin and Cape Ann there are numerous 
deltas and beaches, of which the Whale Cove beach, and possibly the 
Baker Hill bar, rise a few feet above the plane of the deltas, suggesting 
that possibly the sea rose slightly on the shore during this interval. 
The Whale Cove beach, however, is in an exposed position and may 
have been built higher than the others. From Cape Ann to the New 
Hampshire boundary the marine limit and the marginal deltas coincide. 

There are three possibilities in regard to the relation of the sea to the 
marginal shore deltas. (1) The sea may have remained at the same 
level for some time after the deltas were formed, in which event, strongly 
developed beaches should have been formed, whereas the elevated beaches 
are weak and poorly developed. (2) The sea may have risen above the 
deltas, submerging them, but evidence that this did not occur is given 
by the delta and beach on Scott Hill in Ipswich and by the fact that 
we do not find beaches above the marginal shores. A channel made by 


% Ernst Antevs: Late Quaternary changes of level in Maine, Am. Jour. Sci., vol. 15 
(1928) p. 319-336. 
J. W. Goldthwait: op. cit., p. 30; also oral communications. 
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the glacial stream extends across the Scott Hill delta to its distal border, 
and this channel would probably have been destroyed had the sea risen 
and submerged the delta. (3) The deltas may have been raised above the 
sea, or the sea may have fallen below the deltas shortly after they were 
formed. 

The third hypothesis is probably the correct one. Meltwater was cer- 
tainly returning to the sea during this period, but as there is no evidence 
that the sea rose above the deltas after they were formed, it would ap- 


° Scale in Miles 


Figure 4.—Isobases and profile of the marine limit on the coast of Massachusctts and 
New Hampshire 


pear that some other factor was counteracting the rise of sea level upon 
the deltas during this stage of retreat. 

Turning now to the profile, we see that it is slightly steeper south of 
Cape Ann than it is between Cape Ann and the New Hampshire border, 
and that north of the New Hampshire border it becomes much steeper. 
From Cape Ann into New Hampshire the profile forms an angle con- 
cave upward, and the form of the profile gives some evidence as to the 
nature of the movements of land and sea which produced it. The deltas 
were being raised above the sea as fast as they were formed, and several 
combinations of movement of sea and land are possible, as noted on 
page 444 and illustrated in Figures 1, 2, and 3. From a consideration of 
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these various combinations, it is seen that steady differential uplift, with 
the sea rising at a uniform rate, would not produce the type of profile 
that we actually find, but that this profile could be produced either by 
marked changes in rate of rise of the sea or by marked change in the rate 
of tilting. This profile could also be produced without movement of the 
land by a fall of sea level followed by a rise of sea level or by stationary 
sea level, as indicated in Figure 3. 

There are, thus, two distinctly different possibilities. One involves 
uplift of the land during the retreat of the ice, and the other, stability of 
the land during the retreat of the ice along the coast. From the evidence 
given by the profile it is impossible to determine which of these two 
possibilities actually occurred. It should be possible to determine this, 
however, by study of conditions in adjacent north-south valleys in which 
lakes existed during the retreat of the ice, such as the Merrimack and 
Connecticut valleys. Conditions in the Merrimack Valley have been 
studied by Goldthwait,** and his straight profile of features marking the 
water surface of the glacial lake in this valley appears to indicate that the 
land was stable during retreat of the ice up the valley from Manchester 
to Hill, a distance of about 45 miles. 

It is possible, therefore, that the land was stable during the removal 
of the ice from the Massachusetts coast. Until this point is definitely 
decided by studies in adjacent valleys, both the possibility of stability of 
the land and fall of the sea, and of tilting of the land with variations in 
rate, must be considered. 

It was estimated by Daly** that the increase of volume of the oceans 
by the addition of water from melting ice sheets would cause a depression 
of the sea bottoms, which would reduce the theoretical rise of sea level 
by one fifth. Nansen** estimated that the reduction of rise of sea level 
due to depression of the ocean floors would be about one third, and 
Ramsay* estimated that it would be about 30 per cent. The estimates 
vary in accordance with the density assumed for the magma beneath the 
rigid crust. It is possible, therefore, that depression of the ocean bot- 
toms may have caused a considerable fall of sea level, possibly as much 
as 100 feet. Only a small part of this could, however, have occurred so 
early in the retreat of the ice. If depression of the ocean floors occurred 


J. W. Goldthwait: op. cit., p. 43, fig. 13. 

33 R. A. Daly: Swinging sea level of the Ice Age, Bull. Geol. Soc. Am., vol. 40 (1929) 
p. 722. 

™ Fridtjof Nansen: The strandflat and isostasy. Kristiania (1922) p. 232-237. 

% Wilhelm Ramsay: On relations between crustal movements and variations of sea 


level during late Quaternary time, especially in F. dia, Bull. Comm. Geol. Finland, 
no. 66 (1924) p. 7. 
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with perfect uniformity, it would merely slow down the rate of rise of 
sea level, but if the depression were irregular, it might cause a temporary 
fall of sea level, such as may have happened while the retreat of the ice 
was uncovering the northern Massachusetts coast. 

For ten miles northward from the State line, the marine limit in- 
creases in gradient and then declines a little beyond. The bend in the 
profile near the State boundary might be interpreted as a hinge line, 
but as the marine limit features are considerably stronger north of the 
boundary, it is more probable that the sea remained at the same position 
in relation to shore features, so that this part of the profile at least may 
represent a true marine plane. The decrease of the gradient of the 
marine limit ten miles north of the New Hampshire border may indi- 
eate that tilting had begun when this northern part of the marine limit 
plane was formed. 

Either subsiding of sea level or uplift of the land during this stage 
of the retreat appears to account adequately for the weakness of the 
elevated shores. Falling sea level would not give opportunity for the 
building of strong beaches and bars. The large number of poorly devel- 
oped shore features below the marine limit in Massachusetts indicate 
that sea level was changing and did not stand long in any one position. 

It has been stated by Antevs ** that elevated beaches below the marine 
limit are scarce in Maine, indicating that the rise of the land was rapid 
and was not broken by halts. Many beaches below the marine limit 
have, however, been found in Massachusetts, suggesting that if there were 
rapid continuous uplift of the land while the retreat of the ice was un- 
covering the Maine coast, the uplift began after the marine limit had 
been formed on the Massachusetts coast. 

Numerous shore features below the marine limit were either formed 
while the land was rising during the uncovering of this coast or while 
the sea was falling, depending on which theory is correct. In either 
case, some of the higher beaches on the New Hampshire coast might 
correlate with lower beaches on the Massachusetts coast. Although the 
elevated shore features between Cape Ann and the New Hampshire bound- 
ary lie on a nearly straight line, they may not have been formed at 
the same time, and this may be only a composite shore line. 


CONCLUSIONS 


The marginal shore deltas formed at the front of the ice have been 
differentiated from the marine limit features—beaches, bars, and spits— 


* Ernst Antevs: Late Quaternary changes of level in Maine, Am. Jour. Sci., vol. 15 
(1928) p. 329-332. 
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and their relations interpreted in an attempt to analyze the late-glacial 
movements of land and sea. ‘T'wo interpretations are possible, depending 
upon whether the land was stable during the retreat of ice along the 
Massachusetts coast or whether tilting of the land was in progress dur- 
ing this retreat. This problem cannot be definitely settled with the data 
obtained on the coast, but a study of the shore features in lakes in the 
Connecticut Valley and other north-south valleys should permit of a 
definite decision upon this point. 

The profile of marine limit and marginal shore features from Cape 
Ann into New Hampshire is concave upward, and none of the marine 
limit features rises appreciably above the plane of the marginal shore 
deltas. This last fact and other information indicate that the deltas 
emerged soon after they were formed and that the sea was not rising on 
the land. 

The concavity of the profile shows that if tilting were taking place 
during the uncovering of this coast, the rate of tilting must have markedly 
decreased or the rate of rise of sea level markedly increased. On the 
other hand, if the land were stable during this part of the retreat, the 
concave profile couid have been produced by a falling sea level followed 
by a stationary or rising sea level. In either case, the sea did not remain 
long at any one level, which probably accounts for the weakness of the 
elevated shore features on the Massachusetts coast. 
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INTRODUCTION 


During a study of the geology and ore deposits of the Magdalena mining 
district in the central part of New Mexico for the United States Geological 
Survey in cooperation with the New Mexico Bureau of Mines and Mineral 
Resources, the writers obtained the data here presented. The manuscript 
was submitted for criticism to Kirk Bryan, who has done much work in the 
surrounding country, and the authors are indebted to him for valuable 
suggestions and for hitherto unpublished data on the area east of the 
Magdalena Range. 

The district covers the northern part of the Magdalena Range and a 
small area just north of it; its geographic and geologic relations to the 
surrounding region are shown in Figure 1. The area studied in detail 
is shown in Figure 2. 

The district is in the southeastern part of the Basin and Range Province 
and possesses features typical of the maturely dissected ranges of that 
province. It is drained by intermittent tributaries of La Jenze Creek. 
This creek flows close to the north boundary of the area shown in Figure 2 
and is itself a tributary of the Rio Salado, which enters the Rio Grande 


* Manuscript received by the Secretary of the Society, November 3, 1933. 
+ Published with the approval of the Director of the United States Geological Survey. 
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Valley between the Socorro Mountains and Ladron Peak, as shown in 
Figure 1. The erosion history of the district is, therefore, related to that 
of a much larger area, which has thus far received only cursory attention, 
but a description of the local features is of sufficient interest to be offered 
as a contribution to the physiography of central New Mexico. The prin- 
cipal process involved was the headward cutting of streams through the 
weaker parts of a faulted mountain range and the development along the 
base of the range of a local series of pediments that mark intermittent 
retardations of erosion while the main streams were cutting through the 
more resistant formations of the region. 


SUMMARY OF GEOLOGY’ 


The greater part of the Magdalena Range is covered by volcanic rocks. 
The northern portion is locally divided by longitudinal valleys into two 
parts, as shown in Figure 1, the main range, from which the volcanic 
rocks have been largely stripped, lying to the east, and a group of volcanic 
hills lying to the west. These longitudinal valleys are tributary north- 
ward to a transverse valley that separates both parts of the range from 
a group of low hills to the north, the largest of which, capped by rhyolite 
porphyry and called “Granite” Mountain (Fig. 2), is northeast of Mag- 
dalena. These low hills, which consist in part of sedimentary and in 
part of volcanic and intrusive rocks, are in turn separated by the trans- 
verse valley of La Jenze Creek from the Bear Mountains to the north, 
which consist entirely of volcanic rocks. 

The main range in the area studied consists of Carboniferous strata 
resting on a base-leveled surface of pre-Cambrian rocks, which form the 
eastern slope and minor parts of the western slope. The pre-Cambrian 
rocks are mainly granite with minor masses of older argillite, felsite, and 
gabbro, and later dikes of diabase. The Carboniferous strata are prac- 
tically limited to the west slope, the upper part of which approximately 
coincides with the dip of the strata over considerable areas. They include 
limestone, shale, quartzite, and sandstone and are 1000 to 1300 feet in 
total thickness. The volcanic rocks are limited to the foothills in the 
northern part of the range, but to the south they gradually extend up the 
slope until, just beyond the southern boundary of the area studied in 
detail, they reach the summit. They were built up on an old erosion sur- 
face to a total thickness of about 4000 feet and include tuffs, breccias, and 


1A detailed report on “The geology and ore deposits of the Magdalena district, New 
Mexico,” now in preparation by G. F. Loughlin and A. H. Koschmann, will be published 
by the United States Geological Survey in cooperation with the New Mexico State 
Bureau of Mines and Mineral Resources. 
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flows of andesite, latite, and rhyolite. The youngest flow within the area 
is a pink rhyolite of superior resistance to erosion. It caps the high spur 
along the southwestern border of the area shown in Figure 2 and has 
been traced across the head of the longitudinal valley to the western group 
of hills, which it also caps. Another volcanic rock of superior resistance 
to erosion is a sill of rhyolite porphyry, which forms a protective cap to 
Stendel Ridge and “Granite” Mountain. 

Some faulting and tilting of faulted blocks preceded vulcanism, but 
following, and perhaps during, the volcanic period, the region was espe- 
cially subjected to longitudinal and transverse faulting, which relatively 
raised the main range and dropped the blocks that underlie the present 
longitudinal valleys. The range was tilted westward and its western slope 
dropped by a series of step-faults. The area west of it developed into a 
graben, whose western boundary was a little east of Magdalena Mountain, 
as shown in Figure 1, Section A-A’. The longitudinal valley north of 
the Nitt mine and between the main range and Stendel Ridge (Fig. 2) 
marks another, much smaller, graben. The entire area north of the main 
range, as indicated by the relative altitudes of both its sedimentary and 
its volcanic rocks, is also down-faulted along concealed faults of easterly 
trend, one in the vicinity of the railroad on the south side of Granite Moun- 
tain and another north of that mountain. 

After this period of faulting, monzonitic masses intruded, taking ad- 
vantage of certain of the large fault zones, especially some of easterly 
trend, and cutting across faults of northerly trend. The force of intrusion 
evidently produced some local faulting, but did not change the general 
distribution of formations to any important degree. Fissuring, accom- 
panied by faulting on a small scale, followed the monzonite intrusions 
and was followed by the intrusion of late dikes and the deposition of ore. 
After these intrusions, faulting was renewed in the region as a whole. A 
recent fault scarp northeast of the range has been reported by Bryan,? 
but no appreciable post-monzonite faulting has been proved within the 
district represented by Figure 2, although some may be concealed by 
alluvium along longitudinal and transverse valleys. 

The principal function of faulting in the physiographic development 
of the district has been the distribution of the more easily eroded volcanic 
rocks. Gullies have been developed along certain favorably located faults, 
but other faults bear no consistent relation to even minor details of erosion 
(Fig. 4). The development of topographic detail during successive stages 
of erosion has been mainly governed by the relative resistance of the 
different rock formations to erosion. 


2 Kirk Bryan: Written communication. 
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Local physiographic features of the district include alluvial slopes and 
related rock pediments and groups of low foothills and spurs (Pl. 44) that 
are interpreted as remnants of older, dissected pediments. Four dissected 
local pediments were recognized, and there are scattered indications of 
others. Their correlation with pediments in neighboring areas awaits 
further study. The different stages of erosion are designated in Figure 2 
by letters, A representing gullies now developing ; B, the recently formed 
alluvial plain and pediment whose dissection is in the early stages and 
is most advanced in the south end of the area; and C, D, E, and F, suc- 
cessively older dissected pediments. 


ALLUVIAL PLAINS AND PEDIMENTS 


The northern parts of the Magdalena Range and Granite Mountain 
are bounded by extensive alluvial plains both on the east and on the 
west, as seen in Figure 1. The edges of these plains within the boundaries 
of the district are being dissected (Pl. 45, A), and in many places solid 
rock is exposed in the beds of arroyos, showing the alluvium to be only a 
veneer on top of a rock plain. The alluvium ranges in thickness from an 
insignificant layer to 75 feet, and is probably thicker away from the 
mountains. The rock floor is well exposed in several places—for example, 
in the area just west of the Nitt mine, on the floor of Anchor Canyon, and 
at several points in Hardscrabble Valley and around Granite Mountain 
(Fig. 2). 

Such rock plains have been called mountain pediments by Bryan,? who 
defines a pediment as a “plain developed at the foot of the mountains 
under processes of erosion normal to the desert.” He states further ‘ 
that a “mountain pediment is formed by the erosion and deposition of 
streams, usually of the ephemeral type, and is covered with a veneer of 
gravel in transit from higher to lower levels. It simulates the form of 
an alluvial slope.” 

Pediments as physiographic features were first recognized by McGee,’ 
who ascribed their origin to a sheet-flood erosion. Later, Paige® de- 
scribed similar “rock-cut surfaces” in the Burro Mountain district, New 
Mexico, but he ascribed their origin to “interstream erosion, lateral cutting 


* Kirk Bryan: Erosion and sedimentation in the Papago country, Arizona, U. S. Geol. 
Survey Bull. 730 (1923) p. 52-65. 

4Idem, glossary, p. 88. 

5W J McGee: Sheet-flood erosion, Bull. Geol. Soc. Am., vol. 8 (1897) p. 87-112. 

* Sidney Paige: Rock-cut surfaces in the desert ranges, Jour. Geol., vol. 20 (1912) p. 
442-450. 


4 
i 
a 
fa 
4 
i 
3 
4 
| 
| 
| 
| 


; 
‘tO 
= 
7 
° 
33 3 
+ 
7 
i : 


Apues 


NOLLVWNW1dX3 


sayouag UO 


. 
° 


[> | 


\ zo afpa 


JO 


soinsodxe yoy 


: 


PHYSIOGRAPHY 467 


at edges of accumulating fans, and progressive burial of low-lying areas.” 
Similar features have also been recognized by Lawson,’ who elaborated 
the process of their origin, and recently Johnson ® has discussed their 
origin and has emphasized the similarity of their profiles with those of 
fans and cones. 

The slope of a pediment is necessarily somewhat greater than that of its 
alluvial cover. Within the Magdalena district, alluvial slopes range from 
700 feet to the mile in Anchor Canyon to 500 feet to the mile west of 
Kelly, but decrease farther away from the mountain mass, whereas the 
rock floor where exposed west of the Nitt mine has a slope of 350 feet 
in a distance of 3000 feet. 

The altitude of the upper edge of the present pediment “B” also varies. 
Where the rock-cut surface joins the steep mountain front in the southern 
end of the district, its altitude is 7300 to 7500 feet, but at the northern 
end of the Magdalena Range and in the Granite Mountain area, where 
erosion in general has cut to a lower level, owing to its proximity to La 
Jenze Creek, the upper edge of the pediment is as low as 6400 feet. 

That pediment “B” is in its early stages of dissection is best shown in 
the area south of Kelly (Fig. 2 and Pl. 45, A). Here, Patterson Creek, 
just northwest of South Camp, has cut into the alluvium to a depth of at 
least 25 feet and has developed a flood plain about 600 feet wide. Trench- 


ing of the alluvial plain is also evident between Kelly and Stendel Ridge. 
La Jenze Creek and its northern tributary east of Granite Mountain and 
the intermittent creek that drains Hardscrabble Valley have also cut 
deeply into the alluvium and in places into bedrock. From the initial 
dissection of the alluvium throughout the area, it appears evident that a 
new cycle of erosion has started. 


DISSECTED PEDIMENTS 


On the western side of the Magdalena Range, especially south of Kelly, 
there are many gently sloping spurs and adjacent foothills that stand 
above the alluvial slopes. Their altitudes are between 7400 and 7600 feet. 
The spurs slope gently westward and northwestward, and projections 
from the lower ones are approximately in line with the summits of most 
of the foothills (Figs. 2 and 4, B-B’). The foothills are composed of pink 
rhyolite and silicified andesite, the most resistant rocks between the local 


7A. C. Lawson: The epigene profiles of the desert, California Univ. Dept. Geol. Bull., 
vol. 9 (1915) p. 23-48. 

8 Douglas Johnson: Planes of lateral corrosion, Science, vol. 73 (1931) p. 174-177; 
Rock fans of arid regions, Am. Jour. Sci., ser. 4, vol. 23 (1932) p. 389-416; Rock planes 
of arid regions, Geog. Rev., vol. 22 (1932) p. 656-665. 
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drainage lines, and are interpreted as small monadnocks whose crests ap- 
proximately correspond in height to a former pediment, here designated 
“C”, which represents the erosion surface just preceding the development 
of the present pediment. 

One bench correlated with pediment “C” is well preserved in the ex- 
treme southwest corner of the district, but is only partly shown in Figure 
2; another is shown west of Stendel Ridge. Similarly related hilltops 
and benches are also found on the north end of the Magdalena Range 
and in the Granite Mountain area. This dissected pediment corresponds 
closely in its areal extent to that of the present pediment, “B”, although 
its remnants away from the mountains are few. 

It is probable that Stendel Ridge was accentuated as a topographic 
feature during stage “C” by rapid erosion of Hardscrabble Valley and 
stream capture at the head of the valley. Waste, brought down gulches 
that converged near the Graphic mine, had built an extensive double al- 
luvial fan, the larger branch of which spread westward into the large 
longitudinal valley, while the smaller branch extended down the parallel, 
but much smaller, Hardscrabble Valley. Erosion during stage “C”, cut- 
ting rapidly headward up Hardscrabble Valley because of a high gradient 
and the ready disintegration of the local monzonite, dissected the smaller 
branch of the fan and eventually tapped the drainage from the converging 
gulches. Erosion by the lower part of the beheaded stream, which had 
cut headward for a corresponding distance from the larger longitudinal 
valley, was thus reduced to insignificant proportions, and left the upper 
part of the fan as a broad saddle between the main range and Stendel 
Ridge. 

A group of flat-topped spurs and benches, correlated with stage “D” 
in Figure 2, ranges from an approximate altitude of 7600-7900 feet in 
the southern part to 6400 feet in the northern part of the district. The 
largest and best preserved member of this group is a bench along the 
southwest side of Patterson Canyon (Fig. 2 and Pl. 46). It is about 
1500 feet long and 200 to 500 feet wide. It is in part a rock bench still 
covered by a remnant of alluvium. This bench is also of interest because 
its northwest branch is a remnant of an old landslide, the top of which is 
continuous with the rock plain on which the alluvium rests. 

Such a slide, in its given position, could have taken place only after the 
rock floor beneath it was cut, and the fact that its top was leveled off 
to that of pediment “D” clearly establishes its age as of that erosion period. 
These relationships are shown in Figure 3. As shown in this figure the 
slide moved on to the gently sloping pediment, in part covered by alluvium. 
It is also readily conceivable that the slide dammed adjacent drainage 
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lines, but any local basin so formed was quickly filled with alluvium, and 
drainage over its top was soon established. The landslide was thus partly 
buried and preserved, but subsequent erosion planed off any mass project- 
ing above the general erosion level. Retreat of the mountain front also cut 
a rock bench behind the exposed landslide material. This explains the 


Figure 3.—Diagram to show preservation of a landslide on a dissected pediment. 


A-v-v’—rock-cut surface. 
w-w’—alluvial mantle on rock floor on which landslide x-x’ came to rest. 
y-y’—final stage of pediment development before it underwent dissection showing 
remnant of landslide preserved. 
B-y-y’—as in A. 
z-z'—recent pediment level with bench x”-x’” and landslide preserved on divide 
between gullies. 


concordant slope of the landslide with that of the rock benches of the 
same stage. When the next erosion cycle dissected pediment “D”, Patter- 
son Canyon was cut to a lower level and left remnants of the landslide 
and rock bench on the adjacent divide. 

Another conspicuous bench of the “D” stage is found in the south- 
western corner of the district (Fig. 2) just south of South Camp. This 
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bench, about 1700 feet long, is narrow. Its most striking feature is the 
abrupt break in slope from the bench to the upland. 

The spur on the south side of Chihuahua Gulch, just southeast of Kelly, 
consists of a readily disintegrated latite porphyry sill, overlain along its 
western part by red shaly sandstone and andesite. The surface of this 
spur slopes westward at about the same angle as that of the bedrock be- 
neath the landslide remnants to the south and at a somewhat greater 
angle than that of the adjacent alluvial fan on which Kelly is situated. 
Its slope of 375 feet in a distance of 2000 feet is somewhat steeper than 
the present pediment west of the Nitt mine, where the slope is 350 feet 
in a distance of 3000 feet, but this difference may be attributed to slight 
erosion of uniformly soft rock, especially along the lower part of the spur, 
that did not permit the development of well-defined benches. With this 
allowance for slight erosion, the altitude and general slope of the spur, 
especially between the 7600- and 7675-foot contours, favor its correlation 
as a remnant of the pediment that was formed during stage “D”. This 
spur is separated by a low saddle from the rhyolite-capped hill immediately 
to the west, the top of which is correlated with stage “D”. 

North of Kelly, surfaces referable to stage “D” are represented by the 
tops of low hills near the Waldo tunnel (Pl. 45, B) and by the apex of the 
alluvium-veneered slope on which the Nitt shaft is located. Farther 
north, stage “D” is represented by benches on the northern spurs of Stendel 
Ridge and the main range, of which those on the eastern spur of Stendel 
Ridge and on the east side of Anchor Canyon are the most prominent 
remnants. Some of the benches along the lower slopes of Granite Moun- 
tain are also assigned to it, but Granite Mountain has been so much more 
dissected than the slopes on Magdalena Range and is so isolated that 
correlation of its benches with those of the main range must necessarily 
be based mainly on the relative sizes of the pediments and their heights 
above the pediments of stage “B” rather than on continuous tracing. The 
pediment of stage “D” is by far the most clearly defined of any of the 
dissected pediments and may be equivalent to the older of the two pedi- 
ments that Bryan has recognized at other places in central New Mexico.® 

Remnants of still older pediments are obviously less convincingly dem- 
onstrated, particularly as no alluvium remains on them. The most prom- 
inent indications of them are the approximately uniform altitudes of 
benches, with due regard to the drainage slopes during the different stages. 
It has already been pointed out (p. 467) that the present alluvial plain and 


® Kirk Bryan: Pediments developed in basins with through drainage as illustrated by 
the Socorro area, New Mevico (abstract), Bull. Geol. Soc. Am., vol. 43 (1932) p. 128, 129. 
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the rock surface underneath are not horizontal plains, but that they slope 
away from the mountain front and also towards the main drainage line. 
If such a surface becomes dissected, it is evident that its remnant hills 
and benches on spurs between gullies will not be of a uniform altitude but 
when connected, will, in general, give a sloping surface. The fact that 
the spurs of any one stage, as shown in Figure 4, B-B’, C-C’, D-D’, con- 
sist of soft as well as hard rocks, and are not to be attributed solely to 
selective erosion, is additional evidence that most of these benches are 
remnants of pediments. Obviously, the most conspicuous of the spurs be- 
longing to the oldest stages are likely to consist of the more resistant rocks, 
but they owe their positions mainly to protection along the divides be- 
tween gulches. 

Figure 4 also shows that neither faulting nor other structural features 
are accountable for the benches. The formations are tilted, generally at 
angles between 35° and 55°, and have been beveled along the benches. In 
some places a fault may pass through the middle of a bench; in others, 
or even in the same bench, a fault may mark either end; in still others, 
faults are entirely absent, as in some of the benches in andesite in the 
southern part of the district. 

Benches immediately above those of the “D” stage are mostly small and 
somewhat variable in altitude and may represent two or more minor stages. 
As, however, they are relatively lower than a rather pronounced group 
of benches that are referred to the “F” stage, and as they cannot be 
satisfactorily separated, they are grouped as stage “E”. 

The benches of stage “F” are usually large and well defined over much 
of the area, which further corroborates the conclusion that the time of 
development of pediment “E” was short and insufficient to obliterate the 
“F” pediment more completely. Remnants of the “F”’ stage are especially 
well preserved south and just north of Kelly. Two of these, one imme- 
diately northwest of the Lynchburg tunnel and one just north of Kelly, 
are more than 1000 feet long. The one northwest of the Lynchburg 
tunnel is of especial interest, for it is capped by landslide material under- 
lain by andesite, and may be interpreted in the same way as the landslide- 
capped bench of stage “D” southwest of Patterson Canyon. The bench 
north of Kelly is beveled across tilted thin-bedded to thick-bedded lime- 
stone. 

The large size of the remnants of this stage may also be attributed to 
the superior resistance of the Carboniferous formations, compared with 
the volcanic rock to the south, and to their position east of the zone of 
most intensive erosion. In the relatively soft volcanic rocks in the 
southern part of the district, benches of this stage have been almost com- 
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pletely obliterated, but one prominent spur southwest of Patterson Canyon 
may be correlated with it. The summit along Stendel Ridge is approxi- 
mately in the projected position of the “F” pediment. It is, therefore, 
almost certain that Stendel Ridge was an integral part of the main range 
during the “F” stage, and that the relatively rapid erosion of the softer 
volcanic rocks and the monzonite in the vicinity during stages “E”, “D”, 
and “C” has nearly isolated it. 

Two benches, one northwest of Oak Spring and the other west of the 
Hardscrabble mine, indicated in Figure 2 to be remnants of the “F” stage, 
are too isolated to be correlated with confidence. 

A few benches above the “F” pediment are so distributed north of Kelly 
as to suggest still higher pediments—designated “G” and “H” on Figure 
2—and the fact that they occur on different kinds of rock, including pro- 
tected masses of soft rock, strengthens this suggestion. High benches 
south of Kelly, however, are so scattered and at such different altitudes 
that no attempt to correlate them with old pediments is justified. It 
may be inferred that prior to the “F” stage the upper slopes south of 
Kelly were mainly covered by soft voleanic rocks, whose complete removal 
has destroyed traces of any older pediments. 


CAUSES OF PEDIMENT DISSECTION 


The cause of the relative uplifting and dissection of such a series of 
pediments may be either the periodic uplifting of the mountain mass al- 
ternating with periods of quiescence, or the periodic lowering of local 
base level. The lowering of local base level may, in turn, be due either to 
the sagging of neighboring alluvial plains after heavy loading by alluvium 
or to downward cutting by the streams that drain the basins. Benches at 
different levels may also be produced by dissection of a sloping plain, which 
explains the lack of uniform altitude of the benches of a single stage, but 
does not explain a series of benches, one above the other, in the same area. 
Too little is known of the orogenic history and physiographic development 
of the mountain ranges in the State to permit a thoroughly supported 
statement, but it is believed that the benches represent periodic lowering 
of the base level, mainly by stream erosion. Examination of the mines 
of the district, as well as detailed surface work, has revealed no appreciable 
faulting within the district since the intrusion of the monzonite and the 
deposition of the ore, although Bryan *° has reported a young fault scarp 
along the northeast base of the Magdalena Range. The evidence at hand, 
therefore, indicates some relative uplift of the range as a whole as com- 


10 Kirk Bryan: Written communication, December, 1931. 
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pared with the country to the east, but no recent uplift of the west side 
of the range as compared with the longitudinal valleys shown in Figure 2. 

Reconnaissance work in several places on the Magdalena Plain imme- 
diately west of the district (Fig. 1) has shown that this plain is mainly a 
maturely dissected rock floor with a thin cover of alluvium. It is sepa- 
rated from the extensive Plains of San Agustin to the west by a low 
divide along which a few isolated groups of well-rounded hills are scat- 
tered. This evidence is opposed to the hypothesis that the base level has 
been lowered, owing to subsidence of the alluvial plains. From the little 
that is known of the region outside of the district, it appears that, if any 
related closed basins formerly existed in the region, only the oldest of 
the pediments in the Magdalena district could have been directly related 
to their subsidence. 

The cause for the lowering of base level is ascribed, therefore, to 
the general lowering of the Magdalena Plain by the erosive action of the 
Rio Salado and La Jenze Creek, which, as shown in Figure 1, are tributary 
to the Rio Grande. Development of the different stages of erosion, marked 
by the rock benches and the high and low alluvium, is believed to be 
related to the varying rates at which these streams cut their channels 
downward through the volcanic flows and tuffs that lie east and northeast 
of the Magdalena Range, and through the sedimentary and volcanic rocks 
of the Rio Salado basin, especially just south of Ladron Peak (Fig. 1) ; 
but owing to insufficient information regarding the geologic history of 
the Rio Grande valley, definite correlation must await further study. 

On the other hand, Bryan** favors the alternative hypothesis that 
“the several pediments were graded to the local base level, determined 
by the attitude of the Magdalena block with respect to the Snake Ranch 
Flats. This block arose successively and at each pause in the rise there 
was a tendency for erosion surfaces to develop.” He states further that 
his “observations indicate that pediment ‘B’ is in perfect adjustment to 
the surface of the Snake Ranch Flats and this surface corresponds to the 
older surface on the east side of Socorro Mountains. ... The slight 
dissection of pediment ‘B’ can,” he believes, “be attributed to climatic 
causes or to the recent uplift of the Magdalena block corresponding to 
the fault scarps that can be found southwestward along the face from the 
Santa Fe Railroad toward Water Canyon.” 
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At the close of voleanic activity and orogenic movements and the begin- 
ning of erosion, probably in late Tertiary time, the Magdalena district 


1 Kirk Bryan: Written communication, January, 1934. 
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was marked by a broad, northerly trending range of westward-tilted rocks 
that evidently formed the divide between two large drainage areas. This 
ancestral range included the present Magdalena Range, Granite Moun- 
tain, the Bear Mountains to the north, and Magdalena Mountain to the 
west, and extended westward probably to the west edge of the Magdalena 
Plain. Evidence in the Magdalena district indicates that the altitude 
of the original range was probably 4000 feet higher than the present 
range. The down-faulted areas formed minor depressions within it. 
Drainage of the west slope of this broad range was at first, presumably, 
in part into the local graben or small closed basins and in part to the 
west, where a much larger closed basin, the present Plains of San 
Agustin, existed. Ultimately, however, the Rio Salado and La Jenze 
Creek cut headward across the range and diverted drainage into the Rio 
Grande basin. 

The early erosion cycle was accompanied in the Rio Grande valley by 
accumulation of Miocene and Pliocene sediments, which became capped 
by basalt, as shown in Figure 1. During the second cycle the Rio Grande 
cut through the basalt '* and into these gravel deposits, and, according 
to Bryan,'* “through drainage by the Rio Grande was early developed at 
a level about 250 feet above its present grade. To this local base level 
the minor and ephemeral tributaries reduced large areas to an extensive 
erosion surface or pediment cut partly on consolidated but largely on the 
unconsolidated late Tertiary Santa Fe formation.” Another terrace, 
about 150 feet lower, and a cut-and-fill terrace were developed subsequently 
at temporary base levels. 

While these pediments were forming in the Rio Grande valley, the 
broad range at Magdalena was continually exposed to erosion. Western 
tributaries of the Rio Grande continued to cut downward and headward, 
although their progress was intermittently retarded by the relatively hard 
sedimentary rocks on the south end of Ladron Peak, as well as by hard 
members of the volcanic rocks, permitting development of broad lowlands 
in the volcanic areas around the Magdalena Range. Eventually, the Rio 
Salado and La Jenze Creek, taking advantage of the down-faulted vol- 
canic rocks northeast of Magdalena, cut headward through the divide and 
began to drain the western slope of the range. 

No attempt has been made to correlate this diversion of drainage with 
any particular stage of development in the Rio Grande valley. Basalt 


12.W. T. Lee: Water resources of the Rio Grande Valley, New Mezico, U. S. Geol. Sur- 
vey Water Supply Paper 188 (1907) p. 14. 

18 Kirk Bryan: Pediments developed in basins with through drainage as illustrated by 
the Socorro area, New Mezico, (Abstract) Bull. Geol. Soc. Am., vol. 43 (1932) p. 129. 
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similar to that in the Rio Grande valley was noted in the southern part 
of the Magdalena Plain, during a hasty trip in 1916, before its significance 
in connection with the present problem was appreciated. It caps low, 
flat areas, but its relation to stream gravels, to early alluvium, and to a 
possible closed basin have not been considered. 

The enormous amount of volcanic rocks that once covered the entire 
west slope of the Magdalena Range and formed its westward extension 
was gradually removed. Fault scarps and other early structural topo- 
graphic features were obliterated, and ultimately the intruded stocks and 
the Carboniferous and pre-Cambrian rocks were exposed. Volcanic rocks 
were reduced to a broad lowland which was gradually extended westward 
to the present divide between Magdalena Plain and the Plains of San 
Agustin. The lowland was repeatedly dissected and reduced to lower 
and lower levels, giving rise to the different pediments here described. 
Upon this lowland, sill-like masses of rhyolite porphyry remained to 
form Granite Mountain and Stendel Ridge (Fig. 2), and the resistant 
pink rhyolite flow served as a protecting cap to Magdalena Mountain and 
adjacent summits, as well as to the low hill in the down-faulted area west 
of Kelly. 

Successive stages of erosion were evidently controlled mainly by the 
varying rate of down-cutting by the Rio Salado. It seems improbable 
that the Rio Grande, which was cutting through Tertiary gravels, varied 
its rate to any important degree, unless barriers as remote as Elephant 
Butte could have played an important part. The present continuation of 
the process is apparent along the road between Socorro and Magdalena, 
where alluvial slopes belonging to one of the more recent stages are in 
some places protected by hard rock and in others have been largely re- 
moved. During any stage the rapid erosion of soft rock within the Mag- 
dalena district favored the development of pediments, especially if the 
major stream beyond the limits of the district was being held at a tem- 
porary level by resistant rock or by the establishment of a temporary 
base level, as may have occurred at the close of the first erosion cycle. 

To correlate the pediments in the Magdalena district with the develop- 
ment of the Rio Salado and the Rio Grande valleys would mean the 
expanding of a local into a regional study and would require much more 
time than could be spared during the study of the Magdalena mining 
district, and would also require a large amount of leveling and topographic 
mapping. It is now impossible to state whether the Rio Salado and 
La Jenze Creek broke through the former divide at Magdalena during 
the first or the second erosion cycle of the Rio Grande valley, or whether 
the largest local pediment was developed at the close of the first erosion 
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cycle or at some later time. The recent fault scarp at the northeast base 
of the Magdalena Range, reported by Bryan, also awaits correlation with 
the pediments and the different stages of erosion. The facts presented, 
however, demonstrate a more complicated physiographic history of an 
arid country than has generally been realized, and place the Magdalena 
Range in marked contrast to certain other “basin ranges”, along which 
the effects of relatively recent faulting are more in evidence. They also 
emphasize the interdependence of local and regional studies and the funda- 
mental importance of detailed data on bedrock geology in the solution of 
physiographic problems, 
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INTRODUCTION 


Conglomerates and associated clastic rocks occur in western Ontario 
at intervals from Eagle Lake to Lake Savant, roughly 150 miles from 
southwest to northeast. The study of these sediments was begun in the 
summer of 1928 and continued in 1929 and 1932. In the vicinity of 
Sioux Lookout and Minnitaki Lake a detailed study of these rocks was 
made. The geologic map (Pl. 51, facing p. 504) covers the area in- 
vestigated. 


* Manuscript received by the Secretary of the Society, July 8, 1933. 
(479) 
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The writer was ably assisted in the field at various times by H. N. 
Johnson, of Halliday, North Dakota; W. M. Chappell, of the University 
of Washington, Seattle; C. E. Dutton, of the University of Minnesota ; 
and D. L. Baker of New Haven, Connecticut. He is indebted to Dr. 
F. F. Grout, of the University of Minnesota, for many suggestions and 
criticisms, and to Oberlin College for a grant that partially defrayed 
the expense of the field work. 


CHARACTER OF THE DISTRICT 


The center of the area is Sioux Lookout, a town of about 1000 popu- 
lation and a division point on the Canadian National Railway, 252 miles 
east of Winnipeg and 211 miles northwest of Port Arthur (Pl. 51, 
Block 10). 

In detail, the land surface is rather irregular, but in a large way 
the relief is so slight that the district is regarded as a part of a pene- 
plain. In general, the hills are bare and rocky and only exceptionally 
do they rise more than 200 feet above the general level (1150-1200 feet) 
of the region. The lowlands are mostly lake- or swamp-covered. Occa- 
sional sand plains or clay-covered lowlands conceal the rock surface. 
The region is well supplied with lakes, and their outlines are generally 
related to local geologic features (Pl. 47.). 


GENERAL GEOLOGY 
STRATIGRAPHIC RELATIONS 


The oldest rocks of the Sioux Lookout region are the Keewatin green- 
stones. This series is largely volcanic and is generally free from much 
sedimentary admixture except at Vermilion Lake. Into this group of 
rocks are intruded metadiorites, diabases, granite, and granite-gneiss. 
This assemblage was deeply eroded, and upon the erosion surface was 
deposited a thick series of sedimentary rocks beginning with a boulder 
conglomerate. It is with the sedimentary series that this paper is mainly 
concerned. This series, named the Abram series,’ and the adjacent rocks 
were later invaded by granitic intrusives, severely folded and metamor- 
phosed, and subjected to great horizontal shear. The stratigraphic rela- 
tions of the rocks involved in this history are given in the following table 
of formations: 


1In 1930 the writer published a short paper on Imbricate arrangement of pebbles in a 
pre-Cambrian conglomerate, Jour. Geol., vol. 38 (1930) p. 568-573. This paper, based 
on the field work of 1928-1929, describes and names the Abram series. A recent map 
(Kenora Sheet, Map 266A, 1933) compiled by T. L. Tanton for the Geological Survey 
of Canada, maintains the writer’s name for the Abram series, correlating it with the 
Timiskamian. The distribution of the formation is, however, incompletely shown. 
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THICK- REMARKS 
NESS 
(FEET) 
Pleistocene and | Lake-laid clays, sands, fluviogla- Moraines very, 
nt cial sands and gravels. Peat minor. 
Great unconformity 
Post - Abram in-| Granite, granite-gneiss, aplites, 
trusives (‘‘Al- pegmatites, and monzonite 
goman”’) porphyry. Dyke rocks 
(4) Mica schists (?) T he _ phyllites, 
graywackes, 
(3) Slates and slate conglomerate and mica 
alternating 1000+ schists of Min- 
nitaki, Sandy- 
(2) Graywackes, silt - stones, beach Lake, 
slates, tuff - slates, cherty etc., are the 
slates, and iron formation 1250 equivalent of 
these rocks 
(1) Quartzite, some green schists, 
and rhyolite porphyry 50-700 
Abram series 
(4) Massive to laminated arko- 
site with sporadic granite peb- 
bles 5300 | In places altered 
to schist con- 
(3) Massive arkosite with peb- 
bles and boulder beds glomerate 
(2) Boulder conglomerate (0-1000) 
(1) Basal brown grit (30-100) | In Block 10 
Great unconformity 
Post - Keewatin | Metadiorites and gabbros; meta- The granite - 
intrusives diabase of Abram Lake; quartz- gneiss was no- 
(“Laurentian”)} porphyry of Vermilion Lake where recog- 
nized in place 
Granite and granite-gneiss 
Patara_ series. Conglomerate, In part post - 
breccia,andsedimentaryschists | 0-2500 Keewatin 
Massive greenstone and ellip- 
soidal greenstone; massive por- 
phyry andellipsoidal porphyry; 
Keewatin series spherulitic greenstone; rhyo- 
lite and dacite; agglomerate 
and tuff; iron formation; horn- 
blende schist; amphibolite, and 
chlorite schist; minor sedi- 
mentary series 
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PRE-CAMBRIAN 
Keewatin series 

Exclusive of the great gneiss areas, the Keewatin “greenstones” con- 
stitute the most widespread geologic formation in the region. They are 
the oldest recognizable rocks and form the basement complex of the 
later series. 

The Keewatin is composed of rocks of effusive origin, pyroclastic ma- 
terials, and some sediments and their metamorphic equivalents. Of 
flow origin are the massive propylitic greenstones, thé chlorite schists 
of varying degrees of schistosity, the ellipsoidal greenstones and por- 
phyries, spherulitic greenstone, andesite porphyries, rhyolites, and dacite 
porphyries. Volcanic tuff and agglomerates are locally important, as 
are some mica schist and banded iron-bearing formation of sedimentary 
origin. Amphibolites and hornblende schists are found, particularly in 
Block 10, where the Keewatin is adjacent to the granite gneiss. There 
are at least three important areas of massive granitoid greenstone—meta- 
diabase and metadiorite—that are apparently intrusive into the Kee- 
watin type mentioned above. 

This assemblage of rocks is called Keewatin on the general, and appar- 
ently correct, supposition that there is but one series of this character 
in the region and that this series is essentially the same as, and perhaps 
continuous with, the Keewatin as first described and named in the Lake 
of the Woods region by Lawson. As the greenstone complex in the Sioux 
Lookout and Minnitaki area has about the same appearance and relation 
to the great areas of granite gneiss as have the Keewatin rocks of Rainy 
Lake, Lake of the Woods, and elsewhere, it is not necessary to give a 
detailed account of either the distribution or the petrographic character 
of the rocks which make up the series. 

The distribution of the Keewatin is shown on the geologic map 
(Pl. 51). 

On the shores of Vermilion Lake, between the entrance to Northeast 
Bay and the Jordan township line, there are exposures of a band of 
schists of clastic origin that do not appear to be of the same age as the 
Abram series. These rocks, well exposed here and on a few islands off 
shore, are apparently continuous eastward to the northwest shore of 
Patara Lake. They have been called the Patara schists. 

These rocks are breccia-conglomerates interstratified with laminated 
graywackes and phyllites. The conglomerates are made up of angular 
to subround fragments varying from an inch to six inches in width, most 
of them nearer the smaller size. No granite pebbles were observed in 
any exposure. Pebbles of iron-bearing formation and quartz seem to 
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be represented. The majority of the pebbles are of felsitic material, 
weathering light or gray, and similar to the matrix in color. In places 
the conglomerates are largely of greenstone pebbles of small size. 

The conglomerate of the Patara schists cannot logically be correlated 
with the conglomerate of the Abram series. The former has no granite 
pebbles, such as are universal in the Abram formation, and the pebbles 
show a lesser degree of rounding, are nearly all of the same rock (in 
contrast to the assemblage characteristic of the Abram series conglom- 
erate, which indicates an extensive and varied terrane), and are, in 
general, smaller in size, boulder conglomerate not being characteristic. 
Nowhere is the thickness comparable to that of the Abram series con- 
glomerate and arkosites to the south. 

The structural and stratigraphic position of these rocks is not clear. 
From meager structural data the writer believes it likely that the Patara 
schists are a part of the Keewatin series. Hence, although separately 
mapped, they have been included in the Keewatin group. In spite of 
the covered nature of the ground northeast of Patara Lake, it is known 
that rocks similar to this formation continue eastward to Pelican Lake. 
In the Pelican Lake area, however, these schists are not readily differ- 
entiated from the schists to the south, which are assigned to the Abram 
series, and it is not unlikely that schists belonging to one group have 
been erroneously mapped with the other. 


Post-Keewatin, pre-Abram intrusives 

Intrusive into the Keewatin greenstones are certain masses of medium- 
to dark-colored, coarse-grained rocks, mapped as metadiorite and meta- 
diabase. The principal bodies of rocks of this character lie on the shores 
of Abram Lake and Little Vermilion Lake. They crop out in massive 
form, and weather to pale green with a distinct tinge of pink or rose. 
In the hand specimen the rock is granitoid, although characteristically 
the grain size varies greatly within short distances. Under the micro- 
scope, the texture of the rock at Abram Lake shows clearly that of a 
diabase with interstitial graphic intergrowth; the rock is therefore a 
granophyre diabase. Only the quartz remains unaltered. The feldspars 
appear as a granular aggregate of alteration products, and the pyroxene 
has been converted to a bladed pale green amphibole. The rock of Little 
Vermilion Lake apparently is a metadiorite composed of two minerals, 
one with cleavage and light color—probably plagioclase—the other, a 
green amphibole. 

A large mass of greenish-yellow quartz-porphyry is exposed on the 
south shore of Vermilion Lake. In many places this rock is schistose, 
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some of it highly so. Many translucent quartz phenocrysts of large 
size are conspicuous in the hand specimen. Its quartz-porphyry nature 
is equally well shown under the microscope. The writer found no evi- - 
dence that this rock is intrusive into the Abram conglomerate with 
which it is in contact on the south, and this fact, together with the 
observed abundance of quartz-porphyry pebbles in the conglomerate of 
the Abram series, led to the conclusion that the quartz-porphyries are 
older than the Abram sediments. Quartz-porphyry was seen elsewhere, 
notably on the large peninsula which separates Pickerel Arm from the 
main body of Minnitaki Lake, but it has not been differentiated from 
the Keewatin with which it is intimately associated. 

It was not possible in the field to separate the older, or pre-Abram, 
granite and granite-gneiss (so abundantly represented by boulders in the 
Abram conglomerates of the Abram series) from the younger, or post- 
Abram, granite and gneiss. 


Abram series 

As the Abram series is the main object of this study, it will be suffi- 
cient to say here that it is dominantly clastic and in most places was found 
to be readily divisible into two parts, coarse conglomerates and pebbly 
arkose constituting the lower portion, and mica schists and graywacke, 
with minor amounts of quartzite, iron-bearing formation, and slate, form- 
ing the upper part. 

The series apparently rests unconformably on the Keewatin. It con- 
tains pebbles of an earlier granite and gneiss, although it is probably 
older than much of the granite-gneiss of the region. 


Post-Abram intrusive rocks 

Within the area of detailed study the intrusive bodies of granitic rock 
examined include the biotite granite-gneiss extending from Moose Bay 
eastward to Hidden and Botsford lakes, the granite of Lost Lake, the 
epidote granite stock of Pelican Lake, the quartz monzonite porphyry 
stock of Sioux Lookout, the granite stock of Finn Bay of Pelican Lake, 
the granite-diorite complex stock of eastern Minnitaki Lake, the granite 
of Crossecho Lake, the hornblende granite of Sandybeach Lake, several 
small granite bodies in the southwest part of the main body of Minnitaki 
Lake, and the granite of Kabikwabik Lake. These have been wholly or 
partly mapped. Space does not permit a detailed description of the 
various occurrences of plutonic rocks listed. The epidote granite stock 
of Pelican Lake has been described briefly by Moore,? and some account 


2E. S. Moore: Vermilion Lake pyrite deposits, Ontario Bur. Mines, Ann. Rept., vol. 20, 
pt. 1 (1911) p. 199-213. 
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has been given by Collins * of the large areas of granite gneisses. It 
may be remarked, however, that the small stocks completely isolated from 
the batholiths of granite-gneiss apparently do not show any foliation; 
whereas, the rocks of the batholithic masses are strongly foliated, espe- 
cially near the contact with the country rock. The stock in the eastern 
part of Minnitaki Lake is unique in having a well-defined border, vary- 
ing in width, from a few inches to half a mile, of a hornblende quartz 
diorite, surrounding a core of biotite granite. 

The Minnitaki schist area is, according to older maps, virtually sur- 
rounded by areas of “Laurentian” granite and granite-gneiss. It was 
not possible to determine how much of the granite, if any, is really older 
than the Abram sediments. The following brief description, based on 
study of the adjoining gneiss areas in a few places does not, therefore, 
necessarily apply only to the younger granite-gneiss, but may include 
older rocks. 

The gneiss seems rather uniform, but does show a modified zone near 
the borders of the schist areas, where dark bands alternate with the lighter 
gneiss. These dark bands are hornblendic—sometimes nearly all horn- 
blende—and they probably represent injected and recrystallized Keewatin 
country rock. Normally, the gneiss is a gray to pinkish-white rock of 
the composition of a biotite granite, rather evenly foliated and with in- 
jections—usually parallel to the foliation—of stringers and thin dykes 
of a pink pegmatite. The rock is medium-grained, with easily recogniz- 
able quartz, orthoclase, plagioclase (oligoclase), and considerable biotite. 
There are occasional large granulated feldspars at intervals, any 
augen derived from phenocrysts. 

Determination of the age of the intrusions is a difficult problem. Early 
writers made no distinction between the Laurentian and the Algoman 
irruptives as later defined by Lawson. That there was an older period 
of invasion by granitic rocks is proved by the existence of a multitude 
of granite and granite-gneiss pebbles in the conglomerate of the Abram 
series. 

The hornblende granite of Sandybeach Lake intrudes phyllites and 
graywackes, converting them into biotite schists. These schists are ap- 
parently equivalent in age to the Abram series; hence, the existence of 
granitic rocks of a post-Abram age is proved. The stock of Finn Bay 
is clearly intrusive into sedimentary schists on the south side of the nar- 
rows at the outlet of the bay. But here the condition of the schists and 


8W. H. Collins: A geological reconnaissance of the region traversed by the National 
Transcontinental Railway between Lake Nipigon and Clay Lake, Ontario, Geol. Survey 
Canada, Pub. no. 1059 (1909). 
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of the structure is such as to make the age of the schists uncertain, for 
it is not clear whether these rocks belong to the Abram series or to the 
Patara schists of the Keewatin, as both schists seem to be present. 

The stocks of Pelican Lake, of Lost Lake, and of Minnitaki Lake (and 
Crossecho Lake) cut the greenstones and thus are definitely post- 
Keewatin, but beyond this little has been proved regarding their age. 

In the conglomerates of the Block 10 belt, in particular those out- 
crops north of the northeast end of Abram Lake, appear feldspar-bear- 
ing quartz veins. This occurrence of pegmatitic material is confirmatory 
evidence of a period of post-Abram intrusion. In the synclinal trough 
of schists at Abram Lake, both in the northeast part of the Lake and 
in the bay near the outlet, are small dikes of dark to light porphyries. A 
small mass of felsite porphyry of the same age lies in the area east of the 
automobile road about a mile southeast of Sioux Lookout. These igneous 
rocks are probably related to the gneiss on the north. The conglomerates 
of the Marchington River area, some 22 miles northeast of Abram Lake, 
regarded as of the same age as the Abram series, are clearly intruded 
by gneissic granites. 

It is concluded that two periods of granitic invasion are clearly estab- 
lished, but the criteria for differentiating between the two in the field 
are needed. If the Abram series is equivalent to the Seine series, then 
the older granites are “Laurentian” and the younger are “Algoman,” 
as defined by Lawson. 

Diabase dikes of Keweenawan age, common in other areas in the Cana- 
dian Shield, were not seen. 


GLACIAL AND POSTGLACIAL DEPOSITS 


Surficial deposits of the last glacial advance and of postglacial time 
form the only record of later events. The glacial materials are all water- 
deposited. They include boulders, gravel, sand, and silts and clays. The 
latter are varved and, therefore, of lacustrine origin. Some of the coarse 
clastics are outwash deposits. Clay is commonly found in the lowlands, 
with sand and gravel at higher elevations, and bare rocks on the highest 
ridges. 

ABRAM SERIES 


The clastic rocks of sedimentary origin, with which this paper is mainly 
concerned, may, for convenience of description, be divided into two forma- 
tions. The lower one is largely conglomerate, with some interbedded 
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arkosite; the upper one, which succeeds the conglomerate conformably, 
is largely of fine-textured rocks, thin-bedded mica schists, slates, and 
graywacke. 

CONGLOMERATE OF THE ABRAM SERIES 
Historical and general description 


Coleman,‘ in 1895, said that 


“The shores of Abram’s Lake are formed of pale geenish grey felsitic-looking 
schists, sometimes pyritous and brown when weathered, of the ordinary green 
schists, and of a sort of boulder conglomerate containing well rounded stones 
(quartz diorite or granite) a foot through.” 


This is the first definite recognition of the conglomerates and of their 
composition. 

In 1897, Parks ® made a survey of Niven’s base line and the fourth and 
fifth meridian lines. He refers to “agglomerates” on Abram Lake, but 
in the glossary of his report he states that “the rocks are in this region 
probably of volcanic origin.” 

McInnes * clearly recognized the nature of these rocks and also ob- 
served the extension westward to Little Vermilion Lake. He writes: 


At Abram Lake, an interesting conglomerate, noted by Dr. Bell? in 1871, 
is strongly developed, outcropping in a striking way to form a chain of islands 
that, with the projecting points on either shore, nearly cut the lake in two. 
The conglomerate is made up of pebbles, from quite small to two feet or more 
in diameter, enclosed in a feldspathic green schist matrix, the pebbles being 
well-rounded and water-worn, like beach pebbles. They include granite and 
granite-gneiss (in greatest proportion), fine banded gneiss, schist, flinty quartz- 
ite, diorite and white vein quartz. The strike of these outcrops is N. 60° E. 
and they may be traced on this course to Little Vermilion Lake in the west... . 
On Little Vermilion Lake the schist-conglomerate of Abram Lake is again 
seen evidently forming a persistent band between the two and associated with 


thick beds of quartzite. 


4A. P. Coleman: Second report on the gold fields of western Ontario, Ontario Bur. 
Mines, Ann. Rept., vol. 5 (1895) p. 55-60. 

5W. A. Parks: Geology of base and meridian lines in Rainy River District, Ontario 
Bur. Mines, Ann. Rept., vol. 7 (1898) p. 161-183. 

6 William McInnes: Region southeast of Lac Seul, Geol. Survey Canada, Ann. Rept., 
n. 8., vol. 14 (1901) p. 89-95A. 

7™McInnes credits Dr. R. Bell with the first description and recognition of the rocks 
of the Abram conglomerate. Bell wrote in 1873: “A narrow ridge of rock at the north- 
western extremity of Minnitaki Lake, separates it from Abram’s Lake into which it 
discharges through Abram’s chute, with a fall of three or four feet. The dioritic schists 
are here of a conglomerate character being mottled by small hard reddish patches, which 
appear to be pebbles.” However, careful examination of the rock at Abram chutes 
failed to reveal any conglomerate. The greenstones here are brecciated and were per- 
haps mistaken for a true water-born conglomerate. Coleman appears to make the same 
error or has failed to state the location correctly, because he writes in 1895: ‘“‘near the 
outlet of Minnitaki schist conglomerates make their appearance on both shores.” 
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Collins * summarized the work of these earlier investigators and added 
further to the description of these conglomerate belts, as follows: 


Schist-conglomerate appears at Frog Rapids [outlet of Abram Lake]... 
[and] .. . is succeeded by greywacke which extends to the line of islands 
parallel to the south shore. The islands are composed of conglomerate whose 
cement is similar to and continuous with the greywacke. It is coarse and 
sandstone-like, and shows alternations of coarse and fine-grained material. 
The conglomerate has been traced continuously up Sturgeon River [Abram 
Lake] for three miles, to where it disappears beneath the water. Southwest- 
ward it reaches the main shore near the last of the islands. ... The width 
of the conglomerate is variable owing, probably, to irregularity of dip. Only 
one edge is visible on Sturgeon River [Abram Lake] at any one point, the 
other lying beneath the water. However it cannot exceed 500 feet, and is prob- 
ably not much more than 100 feet thick. On Abram Lake it occupies the whole 
width of the islands. 

The pebbles are well rounded and vary in size up to 18 inches in diameter. 
Occasionally they are faulted in a plane normal to the foliation of the cement, 
but otherwise show no deformation. Granite-porphyry, biotite-gneiss, diorite, 
hornblende, green schist, vein quartz and a fine black eruptive rock were recog- 
nized. The cement, though its original texture is locally well preserved, is 
generally fine-grained and possesses a slaty cleavage. 


Moore ® noted the outcrops of conglomerate and added a photograph 
and a short note regarding the occurrence of this rock on Abram Lake. 

Because the conglomerate was first recognized and described on Abram 
Lake and because it is well exposed there, the writer has chosen the name, 
Abram series, for the assemblage of sedimentary rocks of which this facies 
is a most important part. The rocks mapped together and described as 
conglomerate are largely coarse clastics characterized at all horizons by 
pebble and boulder conglomerates, although massive arkosites become 
dominant near the top, and locally at other horizons. 

The conglomerate facies is exposed in typical character and thickness 
in four principal areas: in Grand Trunk Pacific Block 10, parallel to 
and north of the Canadian National Railway east of Sioux Lookout; 
on the shores and islands of Abram Lake; on the south side of Patara 
Lake and west to the Vermilion lakes at least as far as Cloudlet Lake; 
and on the islands of the east part of Minnitaki Lake. 


8W. H. Collins: Explorations along the National Transcontinental Railway location 
from Sturgeon River westward, Geol. Survey Canada, Summ. Rept. 1907 (1908) p. 48- 
54; A geological reconnaissance of the region traversed by the National Transcontinental 
Railway between Lake Nipigon and Clay Lake, Ontario, Geol. Survey Canada, Pub. no., 
1059, (1909). 

®E. S. Moore: Vermilion Lake pyrite deposits, Ontario Bur. Mines, Ann. Rept., vol. 
20, pt. 1 (1911) p. 199-213. 
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Field relations 


In Block 10 the conglomerate shows its structural relations and charac- 
ter most clearly (Pl. 51, Structure section A-B). The extensive area 
of granite gneiss of Block 10 is separated from the conglomerate by a 
belt of Keewatin half a mile to one and a half miles wide. The contact 
between the Keewatin—at this point, amphibolite and hornblende schist 
with minor bands of iron-bearing formation—and the conglomerate is 
easily found and can be traced for several miles. The contact dips 80° 
north. The basal portion of the conglomerate, schistose and with few 
pebbles, grades upward into heavy conglomerates characterized by a schis- 
tose matrix and somewhat stretched boulders and cobbles of many rocks, 
principally granites. Some interbedded schistose arkosite is present, 
but coarse conglomerates dominate for nearly 1000 feet above the basal 
contact. The thickness and the importance of the arkosite bands in- 
creases upward (to the south) until the formation becomes a series of 
interbedded boulder conglomerates and arkosites. At the railway the 
latter dominate. Graywackes and slates succeed the conglomerate. 
These finer sediments are found along the shores and on the islands in 
the northeast part of Abram Lake. A total thickness of not less than 
5000 feet of conglomerate and finer clastic rocks is attained before the 
chlorite schists and greenstones south of the Sturgeon River are encoun- 
tered. The steep northward dip observed in the basal beds is maintained 
southward across the structure to the Sturgeon River. As the top of 
the beds is to the south, the entire limb of the fold thus exposed is 
slightly overturned. The width of the Sturgeon River is not sufficient 
to cover the southern, or complementary, fold limb; hence, it is concluded 
to be absent, probably owing to a fault. 

The stratigraphic relations of the conglomerate are further shown by 
a study of the outcrops on the two large islands in the central part of 
Abram Lake; the southern ends of these islands are ellipsoidal green- 
stones and chlorite schists, the north side of the western one is arkosite 
without pebbles. This succession, from conglomerate to arkosite, indi- 
cates that the top of the beds is to the north. The greenstone on the 
south, therefore, lies below the conglomerate, and the arkosites are inter- 
preted as conformably overlying the conglomerate. Structurally, the 
conglomerate in this part of Abram Lake has a reverse orientation from 
that in Block 10. Presumably, a synclinal axis lies between the two. 

The conglomerate here is not less than 2500 feet thick. Northeast- 
ward, the Abram Lake band of conglomerate becomes thinner, much more 
schistose and crumpled, and contains more secondary carbonate. All 
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these features are evidence of a fault that marks the contact between the 
metadiabase and the conglomerate and that finally truncates and com- 
pletely cuts out the latter at the Sturgeon River. The northeastern- 


Fictre 1.—Map of a portion of Vermilion township 


Shows observed outcrops and probable structural relations. Abram sediments are 
divided into two formations, the lower is conglomerate and arkosite (A) and the upper 
is the graywackes and slates. The upper formation is divided into three members: B,, 
the transition rocks ; namely, green schists, tuffaceous graywackes, quartzites ; B,, rhyth- 
mically banded slate and graywacke; B,, slate conglomerates. The greenstone and meta- 
diorite outcrops are shown by cross-hatching, and the quartz porphyry by pattern of 
irregular pecks. The shaded half-circles show the respective position of top (white) 
and bottom (black) as determined by such structures as gradation of grain, cross- 
bedding, and cut-and-fill structure. The observed strike and direction of dip of the 
bedding is shown with the usual conventional sign. The light dashed lines represent 
generalized strike trends, partly interpretative. The heavy dashed lines are the inferred 
position of the shear-faults. S denotes especially schistose outcrops. 


southwestern continuation of the fault is marked by the water courses of 
Abram Lake and Botsford Lake. 

In the bay of Little Vermilion Lake, between that lake and Vermilion 
Lake (Fig. 1), the conglomerate and interbedded arkosites attain their 
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maximum thickness, fully 5300 feet.t° Here, thick, massive arkosite 
dominates over the conglomerate facies, although the latter is represented 
by boulder beds, pebble laminae, and sporadic pebbles throughout the 
section. 

The southern margin of the conglomerate is in contact with Keewatin 
greenstone, although the actual contact (probably a fault) is covered 
by the lake. On the large island in the main body of Little Vermilion 
Lake and on the western shore of the southwest part of that lake are slates, 
phyllites, graywackes, and slate conglomerates, which apparently overlie 
conformably the conglomerate and arkosites. The line of contact be- 
tween these two parts of the Abram series was placed at the horizon at 
which massive arkosites containing either laminae or sporadic granite 
pebbles gave way to interlaminate graywackes and slates. 

The northern limit of the conglomate is marked by a narrow zone of 
intensely sheared conglomerate schist, which separates the massive unde- 
formed conglomerates from the green schists and greenstones. This 
sheared zone coincides approximately with the south shore of Vermilion 
Lake in the east half of Vermilion township. A little less than two 
miles west of the portage connecting Vermilion and Little Vermilion 
Lakes, a considerable body of sheared quartz-porphyry, occupies the axial 
portion of a steeply pitching anticline. In the area just east of the 
porphyry, a complete and nearly continuous section of sediments shows 
the strike of the arkosite beds swinging around the east-pitching anti- 
clinal nose. South of the porphyry the tops of the sedimentary beds 
are to the south, and the vertical strata of the northern limb, exposed 
on a small islet (not indicated on the map, but shown in Figure 1) just 
northeast of the porphyry mass, exhibit cross-bedding, providing the 
top of the anticline is to the north. The northern limb is severely de- 
formed, schistose, and full of secondary carbonate. 

The contact of the arkosites with the quartz-porphyry was not seen. 
Near the fifth meridian a curious schist agglomerate is intruded by 
porphyry, but it is believed that this agglomerate, which occurs at inter- 
vals along the south shore of Vermilion Lake to the western end of the 
lake, is part of the Keewatin, and not a phase of the Abram series, as 
might appear from casual observation. 


10 This figure was arrived at by measuring the map distance, perpendicular to the 
strike, from the north margin of the conglomerate to the inferred contact with the 
greenstone on the south. As the dip is nearly vertical and the imbricate arrangement 
of the pebbles in the conglomerate beds shows that the tops are consistently south- 
ward, the 5300 feet is conservative. 
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On his maps of the Manitou Lake district and the Ignace areas, Mc- 
Innes ** shows a wide band of “fine mica schists and paragneisses” ex- 
tending southwestward along the Canadian Pacific from Sandybeach 
Lake as far as Eagle Lake for a distance of forty miles. This group of 
sedimentry rocks—particularly its extensions on Minnitaki, Tablerock, 
and Sandybeach Lakes—was studied in some detail. Conglomerates are 
rare in all sections, except on some of the islands in the east part of Minni- 
taki Lake. There, heavy conglomerates with boulders up to twenty inches 
in diameter, mainly of quartz-porphyry (although with some granite), 
are associated with recomposed quartz-porphyry grits containing large 
angular blocks of slate. Locally, the conglomerate is much sheared and 
full of secondary carbonate. The conglomerates apparently are not basal, 
as they rest on slates and contain numerous angular blocks of slate, which 
suggests a disconformity within the sediments themselves. 

Although separated from the sediments of Block 10, Abram Lake, and 
the Vermilion Lakes, the sediments of Minnitaki Lake are believed to be 
of the same age. 


Petrography of conglomerates and arkosites 


The basal beds, seen only in Block 10, are schistose brown rocks, 30 to 
100 feet thick, carrying a few flattened pebbles, generally of quartz and 
iron-bearing formation. Under the microscope this rock shows thorough 
recrystallization ; it is largely a mosaic of quartz, with oriented chlorite. 
In irregular patches and intimately intermixed with the quartz is a min- 
eral of high index of refraction and with irregular extinction, probably 
cordierite. Garnet occurs in addition to the three principal constituents, 
and seems to have formed at their expense. 


The nature of the conglomerate itself varies from place to place. On 
Little Vermilion Lake the formation consists of massive or obscurely 
bedded arkosites without secondary foliation, interbedded with conglom- 
erates in which original characters of the rock are well preserved (Fig. 
2). On the islands in the central part of Abram Lake, schistosity is also 
slight in the matrix and in places is virtually absent—an unfoliated 
arkosite. Boulders and cobbles are practically undeformed, many being 
almost circular in cross-section (Pl. 49, B). A square yard of outcrop 
showed the following types: 


11 William McInnes: Manitou Lake sheet, Map No. 720, Geol. Survey Canada (1902) 
Ignace sheet, Map no. 663, Geol. Survey Canada (1906). 
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A. Much squeezed conglomerate of Schist Lake (Marchington River). This type is 
common also in the Block 10 area. 


B. Cobbles from conglomerate of Abram Lake. Note rounded form. 


C. Fine-grained banded slate of Minnitaki Lake. 


CONGLOMERATES AND SLATES 


i 
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A. Extreme schistose phase of conglomerate and arkose along shear-fault, at Abram 
Lake. The rock is a brown-weathering sericite schist. 


B. Boulder conglomerate of Block 10 northeast of Abram Lake. 


ABRAM LAKE SCHIST AND CONGLOMERATE 
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Type No. 
Felsites and other light-colored aphanitic rocks ......... 33 
Metadiorites and coarse-grained greenstones ........... 5 


Although the greenstones are the most numerous, the granites are the 
most conspicuous and the largest. A common size of the cobbles is six 
inches to one foot in diameter, but boulders up to three feet are common, 
and in the Block 10 outcrops, the largest of all, some were three by five 
feet. 

In Block 10 the conglomerate is a light-gray to green schist with a 
multitude of cobbles and boulders (P1.50,B). All of them, including the 
granites, are flattened and elongated ‘* and embedded in a biotite or 
biotite-chlorite schist, the folia of which wrap around the boulders. Many 
of the flattened pebbles show a number of short gash veins, which cut the 
pebbles transversely, and end abruptly against the schist matrix on either 
side. These are interpreted as signifying elongation, or stretching, of 
the rock. Lawson ** noted this same feature in the Seine conglomerate 
and interpreted the phenomenon as due to “flowage of the rock induced 
by lateral compression.” 

Sericitic schists containing flattened pebbles represent the formation 
where it is apparently in fault contact with the older massive metadiabase 
in the northeast part of Abram Lake. In contrast to the normal massive 
outcrops of the conglomerate in the central part of Abram Lake, the 
schists and schist-conglomerates crop out as nearly vertical plates, or 
slabs (Pl. 50, A). This extremely schistose phase has a brown color, due 
probably to the weathering of carbonates which increase with the increas- 
ing schistosity and which, as shown by their replacement relations re- 
vealed in thin section, are secondary. Where the conglomerate is most 
intensely flattened, the pebbles are drawn out into ribbons."* 

The arkosites associated with the conglomerates vary in character with 
the degree of metamorphism to which they have been subjected. Those 


12In order to compare the relative degree of deformation in separated outcrops, the 
writer measured the long and short diameters of the granite pebbles as exposed in the 
outcrop. The ratio of one diameter to the other is approximately the index of com- 
pression. For normal undeformed conglomerate this ratio would be 1:1 to 1:1.5 or 
even 1:2, depending on the original elongation of the cobble or boulder. In the Block 
10 belt of schist conglomerate the index was 1:4 to over 1:7. 

18 A. C. Lawson: The Archean geology of Rainy Lake restudied, Geol. Survey Canada, 
Mem. 40 (1913) p. 60. 

14 On one outcrop of conglomerate was a pebble four feet three inches long and only two 
inches wide—an index of compression of 1 :25. 
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in the Little Vermilion Lake area, where they are conspicuously exposed, 
appear under the microscope to be made up of round to subangular grains 
of primary quartz with subordinate feldspar and with sericite, chlorite, 
carbonate, and quartz of secondary origin. The chlorite is abundant 
enough to give the rock a dark color. Where metamorphism has been 
notably severe, the arkosites become fine paragneisses or schists. 


GRAYWACKES, SLATES, AND MICA SCHISTS OF THE ABRAM SERIES 


The upper part of the Abram series is an assemblage of clastic rocks, 
not less than 3100 feet thick on Little Vermilion Lake, and probably 
thicker. The true thickness is difficult to compute because of the prob- 
ability of repeated sequences of folding. 

The graywackes and schists are found in several separated areas: one 
near Abram Lake, a second near Little Vermilion Lake, and a third, the 
largest, extending the length of Minnitaki Lake and to the southwest 
through Sandybeach Lake to Eagle Lake. 


Abram Lake area 


At the northeast end of Abram Lake, between the railway and Stur- 
geon River, the succession conformably overlies the Block 10 band of 
conglomerate. The beds are overturned and dip north under the con- 
glomerate. As exposed here, they consist of phyllites, cherty and 
magnetite-bearing slates, iron formation, laminated arkosites and gray- 
wackes, subordinate green schists, and fine slate-pebble conglomerates ; 
all in thin beds and frequently alternating with one another. 

The slates are present in minor quantity and are not all true slates in 
composition. They are fissile rocks, dove-gray in color, and generally 
interbedded with graywackes. They possess a gloss, or sheen, characteris- 
tic of phyllites, and pass by degrees into true mica schists. Under the 
microscope, samples from the northeast end of Abram Lake appear to be 
very fine-grained quartz with some feldspars, considerable chlorite, some 
sericite and biotite, and a little carbonate and pyrite or magnetite. The 
degree of perfection of slaty cleavage varies considerably, and some speci- 
mens are dense and flintlike; these weather, as do most of the sedimen- 
tary series, to a light grayish white. 

The graywacke associated with the slates and iron formation shows, 
on microscopic examination, quartz and feldspar either as original con- 
stituents, in discrete angular to rounded grains or in mosaics that develop 
on the margins of the original grains, or as secondary constituents inti- 
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mately associated with chlorites, sericite, and carbonates. ‘The carbonates 
occur in nearly all these rocks in amounts up to twenty per cent, both 
in irregular patches, often mixed with other constituents, and in larger 
clusters and in veinlets. Apparently, the carbonate has been introduced 
and is replacing the original constituents. 

The banded iron-bearing formation, of special interest, occurs at more 
than one horizon; it is apparently local, thin, and discontinuous. It is 
typically dark, magnetic, and is composed of steely-gray magnetite-bear- 
ing bands, a quarter of an inch to half an inch thick, alternating with 
dull black bands free from magnetite. It is rhythmically banded, usually 
interbedded with slates and graywackes, and nearly always badly crumpled 
and brecciated. Under the microscope the magnetite bands are seen to 
be recrystallized aggregates of magnetite, quartz, chlorite, biotite, and 
carbonate. The first three are in greatest abundance, although in places 
the carbonate content is high. The dull, nonmagnetic bands have the 
same constituents but in radically different proportions, the magnetite 
being markedly subordinate. The contact between the conformable suc- 
cession of sediments, totalling several thousand feet, and the Keewatin 
is concealed by the Sturgeon River and, for reasons given elsewhere, 
is believed to be a fault. 

The finer clastics are exposed westward along the north shore of Abram 
Lake. Just north of the lake shore, and westward between Abram Lake 
and Pelican Lake, the country is low and swampy and generally drift- 
covered, so that exposures are few. Those rocks that are exposed are 
much deformed and altered. Some of them may be tuffs or water-worn 
and water-deposited tuffs and agglomerates as suggested by the presence 
of rock fragments, scarcity of quartz, and abundance of amphiboles, 
chlorite, biotite, and epidote. A mass of felsite porphyry, the size and 
extent of which cannot be ascertained because of the scarcity of ex- 
posures, intrudes the sediments along the north shore of Abram Lake and 
in the area between Abram and Pelican Lakes. 

In the central part of Abram Lake, north of the Abram Lake band of 
conglomerate, the sediments are laminated arkosites, sericitic quartzites, 
and schists, with minor green schists and conglomerates. As shown on 
page 489, the series here has the tops of the beds to the north, in contrast 
to the attitude of the sediments in northeast Abram Lake. Conse- 
quently, a synclinal axis must run about N. 75°-80° E. from the north- 
east end of Abram Lake southwestward to the neighborhood of the outlet. 
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Little Vermilion Lake area 


Slates and graywackes are well exposed on the large island in the main 
body of Little Vermilion Lake and on the shore to the west (Fig. 1). 
They consist of fissile greenish-gray schists, gray quartzites and silt- 
stones, tufflike pitted gray rocks, and a thick succession of thin-bedded 
alternating dark-gray phyllites and light-gray quartzites and arkosites. 
The coarse and fine materials are grouped in pairs, with gradations be- 
tween the two members of each unit, but sharply separated from adjacent 
similar beds, after the fashion of varves, indicating consistently that the 
top is to the south. 

Quartzites are observed in abundance only in the sections in the south- 
west part of Vermilion township, although some appear in the Minni- 
taki Lake area. In the outcrop the quartzites show both massive ledges 
and thin beds with a hackly fracture, which alternate with mica schist. 
In the hand specimen the rock is apple-green or yellowish and has an 
extremely fine grain and flintlike appearance on the fresh face. Under 
the microscope the quartzites are found to be principally a recrystallized 
mosaic of quartz, although some less pure laminae contain a little biotite, 
chlorite, and sericite. Titanite is a minor constituent. 

Associated with the quartzites and phyllites in the southwest part of 
Vermilion township is a bed, some ten feet thick, of a jet black rock. 
The outcrop is rusty, being stained yellow, brown, and red, probably owing 
to the weathering of pyrite which is abundant in minute disseminated 
grains. The rock breaks with a subconchoidal fracture, and has small 
vuglike cavities filled with white and yellow crystals of acicular habit. 
Microscopically, this rock is essentially a slate, high in carbonaceous mat- 
ter, now probably graphite. 

About 1950 feet above the base of the schists and graywackes of the 
Abram series there are some thin conglomerates composed almost wholly 
of small pebbles of slates, with a few pebbles of quartzite and graywacke 
alternating with the phyllites and slates. Numerous alternations of 
beds, one to six feet thick, may be seen. Rarely are these slate-conglom- 
erates of great thickness nor do the contained pebbles reach a size of more 
than a few inches in diameter. 

Mica schists are found on the main shore just north of Maskinonge 
Creek. Mica schists and graywackes also occur along the north shore 
of Maskinonge Lake, on the south shore of the same lake a mile from the 
west end, along the east shore of Hooch Lake and again at the north end 
of that lake, and on the small lake on the town line a mile to the east. 
The rocks in these lakes are characterized by a higher degree of metamor- 
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phism than the same group of Little Vermilion Lake, being largely mica 
schists and paragneiss. The transition into schist is accompanied by 
the development of oriented biotite, muscovite, and chlorite—the biotite 
increasing in importance as the schistosity becomes more marked. The 
large proportion of original quartz and feldspar, however, still gives the 
rock a granular, or sugary, aspect although considerably metamorphosed, 
and the term, paragneiss, is often more applicable than schist. To the 
southwest, in Maskinonge, Kathlyn, Hooch, and Philcot lakes, the para- 
gneiss is dominant. Although, in two places on Hooch Lake, the schists 
exhibit a low dip of 25°-30°, the dip is usually about vertical. Prob- 
ably the rocks are folded into a number of closely compressed folds, as 
the top of the schists faces south in some places and north in others. 

The south boundary of the sedimentary group is a line pursuing a 
northeasterly course and truncating at a small angle the beds at Little 
Vermilion Lake. 


Minnitaki and Sandybeach lakes area 


Sedimentary rocks, mainly of fine-texture, have an extensive develop- 
ment at Sandybeach Lake, Tablerock Lake, and Minnitaki Lake. On 
Pickerel Arm and on the shores of Sandybeach and Tablerock lakes the 
rocks are true mica schists and paragneisses. These schists become in- 
creasingly finer grained and less metamorphosed to the northeast, until 
they merge into thin-bedded phyllites and graywackes. In the south- 
west part of the main body of Minnitaki Lake, narrow belts of green- 
stone are found along the axes of anticlinal structures. 

In several places the Keewatin-sedimentary boundary is difficult to lo- 
cate, there being an apparent transition between the two. 

This general area of sedimentary rocks is separated from an area in 
the east portion of Minnitaki Lake by a gap of about five miles. The 
main body of the lake, with no islands, a greenstone north shore, and a 
drift-covered south shore, account for the absence of intervening outcrops 
of the sediments. It seems likely that a continuous connection actually 
exists, however. In the eastern part of the lake the band of sedimentary 
rocks apparently splits into three slightly divergent bands. Between 
each two tongues of sediment is a wedge-shaped band of greenstone and 
green schist. 

The sedimentary rocks, the extent of which has just been given, do 
not differ greatly in character from the sedimentary schists and gray- 
wackes of the Abram series as they appear at Abram Lake and at Little 
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Vermilion Lake. Collins,’® in fact, correlated these fine sediments with 
the conglomerate and fine sediments of Abram Lake, and this correla- 
tion is substantiated by the present study. The series on Minnitaki Lake 
contains much black fissile slate, banded in the manner of varves (PI. 
49, C), much interlaminated graywacke-slate with graded bedding in 
abundance, some massive light-colored arkosites, a little iron-bearing 
formation, a few cherty quartzites that are nearly as well banded as the 
iron formation and may represent silicified limestones, and a few con- 
glomerate lenses. 

The banded iron formation is nowhere very thick. It is found at sev- 
eral places in the section, but seems to be confined to the southern mar- 
gin of the trough of sediments. It was seen at the small lake between 
Minnitaki and Kabikwabik, in the bay leading to Twinflower Lake, and 
on the west shore of the large bay into which the English River discharges. 
The occurrence of iron formation in the western extension of these sedi- 
ments near Dryden, Ontario, and at Thunder Lake, was recorded by 
Parsons.”® 

The structure of this belt of sediments appears to be that of a syn- 
clinorium. Reversals of top and bottom, as shown by a study of the 
gradation of grain, indicate repeated folding, as does the appearance, in 
narrow belts, of greenstones. In many places it is quite clear that the 
sediments are stratigraphically above the greenstone; in others, however, 
there are folds in which one limb is much attenuated, and in places com- 
pletely sheared or faulted out, bringing the opposite fold limb into con- 
tact with greenstone in such a way as to make it seem that the sediments 
were under the greenstone. Such shear and repetition by folding make 
it difficult to determine either total thickness or details of stratigraphy. 
The thickness is apparently not less than 2500 to 3000 feet. 


CONDITIONS OF DEPOSITION OF THE ABRAM SERIES 


The conditions under which the sediments of the Abram series were 
deposited may be understood from a brief consideration of certain salient 
features of the rocks. 

The basal contact was noted only in the Block 10 band; elsewhere it 
has been cut out by faulting or is covered. In the Minnitaki sections 


1 W. H. Collins: A geological reconnaissance of the region traversed by the National 
Transcontinental Railway between Lake Nipigon and Clay Lake, Ontario, Geol. Survey 
Canada, Publ. 1059 (1909) p. 25. 

16 A. L. Parsons: Gold fields of Lake of the Woods, Manitou and Dryden, Ontario Bur. 
Mines, Ann. Rept., vol. 20 (1911) p. 194-195. 
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there is some sedimentary material (sometimes black slate) between the 
underlying Keewatin and the conglomeratic phase. 

The basal beds of Block 10 have been described as a brown-weathering 
garnet-cordierite-chlorite schist containing a few small pebbles of quartz 
and iron-bearing formation. Granite pebbles are absent, but are found 
just above these basal rocks in great boulder conglomerates. This basal 
member is probably a partially reworked mantle rock and perhaps a slope 
wash of the old greenstone surface. Weathering disintegrated the green- 
stone, only the quartz and iron-bearing formation persisting. The un- 
assorted character and poor stratification of the material implies only 
slight transportation. Over this deposit came the great mass of gravels, 
probably of fluviatile origin. 

The pebbles in the conglomerate indicate an earlier period of vulcanism, 
forming greenstones, followed by a great period of plutonic igneous in- 
vasion, producing the granites. Dynamic and igneous action developed 
green schist and gneisses. That the schistose and gneissic structure was 
not imposed upon these pebbles by later deformation is demonstrated 
by the presence of schist and gneiss pebbles in exposures with a nonschist- 
ose matrix and by the presence of gneiss boulders with the gneissic band- 
ing at an angle to the present bedding or foliation of the rock. Weather- 
ing and erosion cut deeply in this basement complex and exposed the 
granitic and deep metamorphic facies over large areas. The time im- 
plied by these events is sufficiently large to permit the observer to con- 
sider the basal contact as an unconformity of first magnitude. 

The great thickness for the conglomerate facies—fully 1000 feet of 
boulder conglomerate in Block 10—indicates a fluviatile or terrestrial 
origin.’*7 The bedding, a variable character, is rude or absent in these 
great boulder conglomerates. Generally in the undeformed beds, an 
imbricate structure of the gravels is well developed.4* This feature, when 
uniform in direction, is indicative of river current action only,?® as is 
also the occurrence of scattering pebbles along a definite line.?° 

The pebble shapes vary with the rock type from which they were 
derived, the best rounded, largest, and most striking being the granites. 
The pebbles of the dacites, and even of the gneisses, are also highly 


17 J, Barrell: Dominantly fluviatile origin under seasonal rainfall of the Old Red Sand- 
stone, Bull. Geol. Soc. Am., vol. 27 (1916) p. 345-386. 

1% FF. J. Pettijohn: Imbricate arrangement of pebbles in a pre-Cambrian conglomerate, 
Jour. Geol., vol. 38 (1930) p. 568. 

2 Ww. A. Johnston: Imbricated structure in rivergravels, Am. Jour. Sci., ser. 5, vol. 
4 (1922) p. 387-390. 

2H. E. Gregory: The formation and distribution of fluviatile and marine gravels, Am. 
Jour. Sci., ser. 4, vol. 39 (1915) p. 493. 
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rounded in contrast to the green schist pebbles, which are distinctly 
elongate and flattened and often in imbricate arrangement. The origi- 
nal pebble shape is sometimes wholly changed by pressure, as elsewhere 
discussed. The marked roundness, particularly of the granites, indicates 
water action and also transportation for several miles. 

The wide range of size of the boulders, many exposures showing granites 
12 inches to over 36 inches in diameter, is an indication of the proximity 
of the source, assuming that the large boulders were not likely to be 
transported any great distance. The maximum size gives a measure of 
the competence of the current, which evidently was extremely powerful. 

The pebbles tend to decrease in number and size upward from the base 
of the formation. This decrease is not uniform, as boulder conglomerates 
are present in some places between arkosite beds rather high in the sec- 
tion. There seems also to be a diminution in total quantity and in size 
of pebbles along the strike from the northeast to the southwest. Boulder 
conglomerates occur abundantly in Block 10, in the central part of Abram 
Lake, at Twin Falls of Little Vermilion Lake, as well as on the north- 
facing slopes south of Patara Lake, and at the portage between the Ver- 
milion lakes. West of Little Vermilion Lake, conglomerate beds be- 
come rare, and the formation is, in reality, only an arkosite with sporadic 
pebbles, although in the exposures half a mile northeast of Cloudlet Lake 
a few pebbles up to four inches in diameter were noted. Many large, 
perfectly massive outcrops of arkosite, many yards square, show only one 
or two well-rounded pebbles of granite an inch or two in diameter. 

These relations suggest that the coarse material supplied to any one 
place diminished in amount and degree of coarseness irregularly in the 
course of time, which, in turn, suggests a decrease in the gradient of 
streams supplying the material—perhaps due to reduction in elevation of 
the adjacent land by erosion. The scarcity of pebbles and their smaller 
size in the southwest exposures may be understood if one supposes those 
deposits to have formed at a greater distance from the region of high relief 
from which the cobbles and pebbles came. 

The coarsest conglomerates are in the Lake Savant area and in Block 
10, where the sedimentary series is at or near the edge of the schist com- 
plex. On the other hand, where the granite pebbles fail, in the Ver- 
milion lakes band near the fifth meridian, the beds are somewhat removed 
from the bordering granite-gneiss. These relations are exactly those 
which one would expect if the surrounding granites were older and had 
supplied the pebbles and cobbles for the conglomerates; but, inasmuch 
as the granites seem to be younger, it is suggested that perhaps the 
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younger granites now occupy essentially the same space formerly oc- 
cupied by the older granitic rocks. The scarcity of boulder conglomerates, 
and of conglomerates in general, in the Minnitaki Lake sections is readily 
accounted for if the source of the sedimentary detritus was to the north. 
The Minnitaki sediments are thus regarded as of equivalent age, but as 
a facies deposited farther from the source area. 

Massive arkose beds, such as are exposed in the bay of Little Vermilion 
Lake between that lake and Vermilion Lake, present another facies not 
inconsistent with an hypothesis of fluviatile deposition. In a region 
where erosion was as vigorous as that which supplied the granite cobbles, 
it is not inconsistent to assume the development of a considerable amount 
of arkose. 

To summarize: These observations and inferences are harmonized by 
assuming the conglomerate to be wholly nonmarine, deposited in a sub- 
siding basin, or trough, under conditions favoring rapid erosion and rapid 
deposition of pebbles and arkosic sands by strong currents of a constant 
direction. The climate was probably rigorous (cold or arid) and such 
as to favor gravel production and incomplete weathering. These con- 
ditions would have been fulfilled by river currents depositing gravels at 
the base of a mountain range and on the adjacent piedmont. The region 
supplying the detritus was mountainous (in order to supply gradient) and 
was largely granitic, but metamorphic green schists and gneisses were 
present in considerable proportion. Conditions comparable to those post- 
ulated are found today in Owens Valley 74 and are supposed to have 
existed during the deposition of the Siwalik *? and the Ocoee.?% 

The upper part of the Abram series differs from the lower part in that 
it shows a greater lithologic diversity, different sedimentary structures, 
better sorting, and scarcity, or absence, of larger fragments. In view of 
the probable continental origin of the conglomerate beds of the lower 
formation and of the characteristics of the Abram graywackes and slates, 
it is likely that the latter were deposited in fresh waters and that the 
cyclic alternation of types corresponds to the periodic flooding, perhaps 
annual, of the area. The deposits of clay, silt, and impure arkosic sands 
alternated with great frequency, with seasonal changes. The deposits 


2A. C. Trowbridge: The terrestrial deposits of Owens Valley, California, Jour. Geol., 
vol. 19 (1911) p. 706-747. 

22R. V. V. Anderson: Tertiary stratigraphy and orogeny of the Northern Punjab, Bull. 
Geol. Soc. Am., vol. 38 (1927) p. 665-720. 

23 J. Barrell: Nature of the Lower Cambrian sediments of the southern Appalachians, 
Am. Jour. Sci., ser. 5, vol. 9 (1925) p. 1-20. 
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being continental, there is an absence or scarcity of limestone. The 
lenses of banded iron formation are interpreted as local accumulations 
in low abandoned bayous of the flood plains. The black graphitic phyllite 
is, in reality, the equivalent of a black shale, the color being probably 
due to organic material in the mud of some backwater bog. Insofar as 
pyroclastic rocks occur, they represent a contamination of flood plain 
deposits. The incomplete weathering and sorting of the graywackes 
and arkosites and the variability of the section would be more consistent 
with fresh-water and continental origin than with marine origin. 


AGE AND CORRELATION OF THE ABRAM SERIES 


The difficulties of correlation in the pre-Cambrian render any conclu- 
sions tentative, and those advanced here are so presented. On the basis 
of the generally recognized principles of pre-Cambrian correlation, cer- 
tain suggestions are made. 

The conglomerate of the Abram series is with little doubt the equiv- 
alent of the conglomerates of Marchington River, Kashweogama Lake, 
and Lake Savant. This important band of conglomerate and associated 
sediments, outside of the area mapped by the writer, has been described 
by Collins ** and by Moore,”* who traced the principal band almost con- 
tinuously from a point on the Marchington River, west of Schist Lake, 
northeastward to another point near the north end of Lake Savant, a 
total distance of 56 miles. In addition to the Marchington River band 
of conglomerate and sediments, Moore has mapped other occurrences of 
this formation in the immediate vicinity of Lake Savant. Stratigraphi- 
cally, lithologically, and structurally, the conglomerates of the Sioux 
Lookout area and the Marchington River area are alike (Pl. 49, A). 

The finer sediments of the Lake Savant region are the counterpart of 
the finer sediments of the Sioux Lookout and Minnitaki areas. They are 
bedded arkoses and graywackes, often well banded, interbedded with iron- 
bearing formation. Some rhyolite and basic lavas occur in this series in 
the Lake Savant area. Moore estimates the thickness to be 16,000 feet 
at a maximum. 

The Savant sediments, with the associated sediments of Minnitaki and 
Eagle lakes, make an interrupted belt, about 150 miles in length, striking 
a little north of east. Only two comparable belts of sediments have been 
described in this portion of the Canadian Shield. One is the Seine series 


%W. H. Collins: op. cit., p. 34-37. 

% KE. S. Moore: Lake Savant Iron Range area, Ontario Bur. Mines, Ann. Rept., vol. 19, 
pt. 1 (1910) p. 173-193; Lake Savant area, Ontario Dept. Mines, Ann. Rept., vol. 37, pt. 
4 (1928) p. 53-82. 
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described by Lawson ** and the other is the Ogishke-Knife Lake series 
studied by Clements.” These three belts of sedimentary rocks have simi- 
lar strikes and form belts of comparable length, are alike in their un- 
conformable relations to underlying greenstones (the Seine basal fan- 
glomerate of Lawson perhaps corresponding to the unsorted beds at the 
base of the Abram of Block 10), in having similar overlying formations 
(the graywacke and schists of the Abram series, the Seine quartzites and 
slates, and the Knife Lake slates), in the occurrence of an iron formation 
at some horizon in the series, in containing pebbles of an older granite 
(Laurentian), in being cut by a later granite (Algoman), and in being 
probably of fluviatile origin. 

Points of difference are few. The conglomerate of the Abram series 
is perhaps the thickest. The Ogishke is perhaps the thinnest, and is 
locally absent at the base of the section. 

It is possible that some of the sediments of the region of Rice Lake, 
Manitoba, called the Rice Lake series, and their extensions into the 
English River region *° as far as Lac Seul, the conglomerates and other 
sediments of Slate Lake and adjoining areas,®° and perhaps the mica 
schists and paragneisses of Lake St. Joseph ** are of the same age as 
the Abram series. So little is known of these other series that final con- 
clusions cannot be given.**? The sedimentary schists of Lobstick Bay of 
Lake of the Woods ** are probably post-Keewatin and of the same age 
as the Abram series. 


2% A. C. Lawson: op. cit. 

2 J, M. Clements: The Vermilion iron-bearing district of Minnesota, U. S. Geol. Sur- 
vey Mon. 45 (1903). 

% J. ¥F. Wright: Geology and mineral deposits of a part of southeastern Manitoba, Geol. 
Survey Canada, Mem. 169 (1932) p. 12. 

2B. L. Bruce: Geology of the upper part of the English River valley, Ontario Dept. 
Mines, Ann. Rept., vol. 33, pt. 4 (1925). 

%*F. L. Bruce: Gold deposits of Woman, Narrow and Confederation lakes, Ontario 
Dept. Mines, Ann. Rept., vol. 37, pt. 4 (1928) p. 1-51; Geology of the basin of Red Lake, 
Ontario Dept. Mines, Ann. Rept., vol. 36, pt. 2 (1927) p. 1-72. 

3K. L. Bruce: Iron formation of Lake St. Joseph, and other papers, in Ontario Dept. 
Mines, Ann. Rept., vol. 31, pt. 8 (1922) p. 1-40. 

#27, L. Tanton has recently compiled a regional map of this portion of Ontario, on 
which many of these series are represented. He has correlated some with the Abram 
series, specifically the Seine series, the Steeprock series, and the Windigokan series of the 
Kaministikwia and Shebandawan regions. He has, however, correlated the sediments 
of Eagle Lake and Sandybeach Lake with the Coutchiching. From structural work in 
the southwest part of Minnitaki Lake the present writer has shown the position of these 
sediments to be above the Keewatin and hence not Coutchiching. See: Kenora sheet, 
Map. no 266A, Geol. Survey Canada (1933). 

33 A, C. Lawson: Report on the geology of the Lake of the Woods region, with special 
reference to the Keewatin (Huronian ?) belt of the Archean rocks, Canada Geol. Survey, 
Ann. Rept., vol. 1 (1885) CC, 151 pages, map. T. L. Tanton, however, calls these Cout- 
chiching. See footnote 32. 
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Correlation with the sections in eastern Ontario must be tentative. 
The earliest investigators ** called all the rocks, excepting the intrusives, 
Huronian. Moore * followed this practice in respect to the conglom- 
erates of both the Lake Savant area and the Abram Lake region. He 
later ** applied the term, Timiskamian, to the Lake Savant sediments 
and to sediments of other areas ** in western Ontario. Lithologically 
and structurally, these rocks are more closely related to the Timiskamian 
than to any other series in eastern Ontario. If the equivalency of the 
Timiskamian and the Sudburian be granted, and if the correlation of the 
Abram and related series with the Timiskamian is accepted, then the 
Abram series is pre-Huronian. This conclusion is, however, not in 
harmony with the opinions expressed by Lawson,** Clements,** the Inter- 
national Committee,’ Van Hise and Leith,** and others regarding the 
age of the Seine, the Steeprock, and the Ogishke-Knife Lake series, which 
they consider to be Huronian. The question of age is thus still an open 


one. 
STRUCTURAL GEOLOGY 


It is not the purpose of this paper to discuss at length the structures 
in which the strata of the Abram series are involved. A generalized 
summary, however, is necessary to a complete understanding of the prob- 


lems of unraveling the stratigraphy. 

The writer’s interpretation of the structure is best understood by a 
study of the structural sections. (See also Fig. 1.) 

At about the time of the intrusion of batholithic masses of granite and 
the satellitic stocks and dikes, the strata were compressed into tight folds, 


% A. P. Coleman: Clastic Huronian rocks of western Ontario, Ontario Bur. Mines, Ann. 

Rept., vol. 7 (1898) p. 151-160. 
W. H. Collins: op. cit. 

% E. S. Moore: Lake Savant Iron Range area, Ontario Bur. Mines, Ann. Rept., vol. 19, 
pt. 1 (1910) p. 178-179; Vermilion Lake pyrite deposits, Ontario Bur. Mines, Ann. 
Rept., vol. 20, pt. 1 (1911) p. 199-200. 

% KE. S. Moore: Lake Savant area, Ontario Dept. Mines, Ann. Rept., vol. 37, pt. 4 
(1928) p. 56-64. 

37 E. S. Moore: Keewatin-Timiskaming boundary, Bull. Geol. Soc. Am., vol. 40 (1929) 
p. 547-556. 

383A. C. Lawson: op. cit., p. 103-109; The classification and correlation of the pre- 
Cambrian rocks, Bull. Calif. Univ. Dept. Geol., vol. 19 (1930) p. 275-293. 

%® J. M. Clements: Vermilion iron-bearing district of Minnesota, U. S. Geol. Survey 
Mon. 45 (1903) p. 277-373. 

“0 Report of the Special Committee for the Lake Superior Region, Jour. Geol., vol. 13 
(1905) p. 89-104. 

“1C. R. Van Hise and C. K. Leith: The geology of the Lake Superior region, U. 8S. 
Geol. Survey Mon. 52 (1911) p. 597-626. 
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nearly isoclinal. Further compressive stress then developed shear-faults *? 
that cut the folded strata in an oblique manner and produced what ap- 
pear to be large lateral displacements parallel to the strike of these faults. 
Criteria for the recognition of these faults are: (1) Physiographic evi- 
dence, such as the linear trends of water-courses, etc.; (2) drag adjacent 
to fault zone; (3) absence of exomorphic or endomorphic effects where 
batholithic granites and country rocks are adjacent to each other: (4) 
displacements of structures (folds, beds, etc.) ; (5) development of in- 
tensely schisted zones; (6) development of carbonated zones by replace- 
ment of schists; (7) development of pyrite (and, later, gossan) ; (8) 
great differences in thickness of two limbs of the same fold; (9) pitch 
of drag folds (induced by horizontal movement along fault zone). 


“The term, shear-fault, is introduced here to mean a fault, probably nearly vertical 
in attitude, along which there has been considerable movement, or slip, parallel to the 
strike of the fault. It is, thus, a strike slip fault. Hawley has described this type of 
fault in the Sabawe Lake area. See: J. BE. Hawley: Seine or Coutchiching ?, Jour. Geol., 
vol. 38 (1930) p. 521-47; Ontario Dept. Mines, Ann. Rept., vol. 88, pt. 6 (1929) p. 1-58. 


‘ 
3 | 
ag 


4 
4 
= 
ip 
E 
4 
= 
| 


BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 
VOL. 45, PP. 507-518, PLS. 52-56 JUNE 30,1934 


EOCENE MARINE ALGAE (LITHOTHAMNIEAE) FROM 
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INTRODUCTION 


Eocene Sierra Blanca limestone was described by the late Marvin 
Francis Keenan of the Leland Stanford Junior University,’ in. carrying 
on work begun by R. N. Nelson. The Sierra Blanca limestone exposed 
for about seven miles on the south side of the San Rafael Mountains 
in Santa Barbara County, California, reaches an elevation of 4700 feet 
at the top of Sierra Blanca Mountain.? In the valley of Indian 
Creek, a northerly branch of the Santa Ynez River, a thickness of 225 
feet is exposed, affording a convenient place for the collection of samples. 
Keenan took this as the type locality. Elevation at this point ranges 
from 3000 to 3300 feet. Keenan states that the lower 160 feet of this 
deposit “are composed of dense, fine-grained buff to white-colored, almost 
pure limestone characterized by its high content of calcareous algae.” 
He gives the following summary of the paleontologic characters of this 
section : 


j *Manuscript received by the Secretary of the Society, July 29, 1933. 

| 1M. F. Keenan: The Hocene Sierra Blanca limestone at the type locality in Santa 
Barbara County, California, Trans. San Diego Soc. Nat. Hist., vol. 7 (1932) p. 53-84, 
pls. 2-4, text figs. 1-4. 

‘ 2The writer is especially indebted to Prof. Hubert G. Schenck of the Leland Stan- 
ford Junior University for criticisms of the geological and local references in this paper. 
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(Top of section) 


Division A. 0-60 feet: Discocyclina psila Woodring [a foraminifer] pre- 
dominates. Algae constitute a very minor part of 
the fossils present. Brachiopods, echinoderms, and 
oyster-shell fragments are present in the upper 
portion. 

Division B. 60-115 feet: Algae, Discocyclina psila Woodring, and smaller 
Foraminifera in dense, fine-grained limestone. 

Division C. 115-225 feet: Algae predominate. No orbitoidal Foraminifera ob- 
served. Other characteristics of rock similar to that 
in Division B. 


Soon after the untimely death of Keenan, Hubert G. Schenck, of the 
Leland Stanford Junior University, under whose direction Keenan had 
worked, sent to the present writer a large series of rough and polished 
hand-specimens of the Sierra Blanca limestone from the type locality, as 
well as numerous ground sections from this locality and others. Most 
of this material was presumably from the lowest 110 feet of the section, 
for the algae certainly “predominate,” as stated by Keenan. It is not 
simply a matter of the algae being imbedded in a limestone matrix: the 
algae themselves, with microscopic cell structure beautifully preserved, 
are the dominant factor in the composition of the limestone. In ground 
sections the vegetative structure is shown almost as clearly as though 
the specimens had just been taken from the sea, although after decalcifica- 
tion by an acid, little in the way of visible structure remains. 

There is some doubt as to whether any of the algae seen can be consid- 
ered to be in situ, strictly speaking, although there can be no serious 
doubt that they belong to the geologic series in which they occur. The 
limestone has the appearance of being a conglomerate of broken frag- 
ments belonging to four or more species. The rock is so hard and the 
fossil plants are so firmly a part of it that attempts at a mental reconstruc- 
tion of their outward form are beset with difficulties. Descriptions of 
their habit and contour as given below are subject to revision if and when 
weathered-out specimens are found. As exposed in naturally weathered 
or artificially polished surfaces (Pl. 52, B), the most massive and most 
easily recognized of the four species forms concretions 0.5 to 2 centi- 
meters broad, which appear to have excrescences, or branches, commonly 
intermingled with branches of other species. If the whole apparent 
jumble or parts of it are in situ, it constitutes an intricate labyrinth 
different from any known to the writer among the species now living, 
which are inclined to form pure stands, although the thinner crustaceous 
algae often occur as epiphytes on the coarser. 
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PREVIOUS RECORDS 


The occurrence of fossil Lithothamnieae has been noted at several 
localities on the Pacific Coast of North America, mostly within recent 
years. Nelson and Schenck * have reported some of the records up to 
1930. The first record appears to have been made in 1897 by Smith,‘ 
who referred to a “small patch of compact limestone, largely composed 
of remains of calcareous algae” in a Quaternary formation on San 
Clemente Island off the coast of southern California. In 1901, Diller ® 
mentioned “rocks full of minute fossils, which, according to Dr. G. H. 
Girty, are calcareous algae and foraminifera of marine origin” in an 
Eocene formation on Denton Creek and “one-fourth mile southwest of 
the forks of Coos River,” both near the coast of Oregon. In 1922, Heim * 
mentioned “rolled fragments of Lithothamnium” from beds of supposed 
Pliocene age in southern Lower California. In 1928, Nelson and 
Schenck’ reported Lithothamnium in Eocene limestones of the Santa 
Ynez Mountains, California; boulders of similar limestone in the Sespe 
formation (lower Miocene or upper Oligocene) and Pico formation (Plio- 
cene) of Ventura County, California; and Lithothamnium from near 
Dallas (Eocene), Oregon. Also in 1928, Cartwright * noted the occur- 
rence of Lithothamnium limestone pebbles in the conglomerate of the 
lower Pico (Pliocene) beds in the Ventura region, California. 

In 1929, Schenck ® reported Archaeolithothammium and Lithophyllum 
from the Sierra Blanca limestone (Eocene) of Santa Barbara County, 
and “calcareous algae (cf. Archaeolithothamnium)” from Eocene lime- 
stone in the New Almaden district, Santa Clara County, California. 

In 1930, Nelson and Schenck added Santa Barbara (Pliocene) and 
Santa Clara County (Eocene), both in California, and (“apparently”) 
the Whitsett limestone (Cretaceous) near Roseburg, Oregon. 

The most massive deposit of marine-algal limestone thus far de- 
scribed from the Pacific Coast, except for the Sierra Blanca “reef,” ap- 


3R. N. Nelson and H. G. Schenck: Calcareous algae in Pacific Coast limestones, Bull. 
Geol. Soc. Am., vol. 39 (1928) p. 266; Additional occurrences of fossil calcareous algae in 
Pacific Coast marine formations, Bull. Geol. Soc. Am., vol. 41 (1930) p. 209. 

‘Ww. S. T. Smith: A geological sketch of San Clemente Island, U. 8S. Geol. Surv., 18th 
Ann. Rept., (1897) p. 493. 

5J. S. Diller: Description of the Coos Bay Quadrangle, U. S. Geol. Surv. Folio 73 
(1901) p. 2. 

¢Arnold Heim: Note on the Tertiary of southern Lower California, Geol. Mag., vol. 
59 (1922) p. 538. 

7R. N. Nelson and H. G. Schenck: op. cit. 

8L. D. Cartwright, Jr.: Sedimentation of the Pico formation, Bull. Am. Assoc. Petro- 
leum Geologists, vol. 12 (1928) p. 257. 

°H. G. Schenck: Discocyclina in California, Trans. San Diego Soc. Nat. Hist., vol. 5 


(1929) p. 211-240. 
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pears to be one (or more?) of Paleocene age in the Santa Ynez Canyon 
of the Santa Monica Mountains, Los Angeles County, California, de- 
scribed by Hoots,!° who published excellent photographs of an exposed 
part of the reef and of the polished surface of a sample, showing the 
crowded algae making up about nine tenths of the mass. Hoots writes 
of this Eocene reef: 

“The algal limestone is one of the most striking and probably the most 
unusual rock type in the Santa Monica Mountains. It occurs in prominent 
white reefs from a few feet to several hundred feet thick, which vary in lateral 
extent from only a few feet to about 4000 feet and commonly terminate in an 
abrupt wall.” 

In 1931, Clark ** reported algal limestones from “several widely sepa- 
rated localities” in Santa Barbara County. Localities named by him 
are the vicinity of Cojo Creek, El Jaro Creek, and San Miguelito Canyon. 

Numerous fossil Lithothamnieae have been described ** from Europe, 
northern Africa, the West Indies, Panama, Japan, Philippine Islands, 
Oceanic Islands, and elsewhere, but usually without data as to whether 
they occur sparsely or in sufficient abundance to form a definitely algal 
deposit. Count Solms-Laubach ** has written: 


“Such undoubted Lithothamniae are abundant throughout the series of Ter- 
tiary deposits, and in some localities they form almost the entire material of 
systems of layers of no inconsiderable thickness, as for example in the lower 
Eocene strata of Toin in the department of Ariége, and in the Pliocene deposits 
of the Rupe Atenea at Girgenti near Syracuse, where they are quarried in the 
famous Latomiae. They compose also the Limestone of Leitha near Vienna, 
and the granite-marble of the Nummulitic rocks.” 


Mme. Lemoine ** is more definite in describing three Lithothamnium 
limestones in Albania as attaining [thicknesses? of] 20-45 meters. 

It is of biologic and evolutionary interest to note that at least three 
of the four Eocene species described below are not very different from 
species still living on the adjacent coast of the present California. In 


20H. W. Hoots: Geology of the eastern part of the Santa Monica Mountains, Los 
Angeles County, California, U. 8. Geol. Survey Prof. Pap. 165-C (1931). 

uy. M. Clark: Lower Miocene calcareous algae in California, Micropal. Bull., vol. 3 
(1931) p. 15, fig. 1. 

12 See J. Pia, in M. Hirmer: Handbuch der Palaobotanik (1927) p. 100-104; J. Pia: 
Neue Arbeiten iiber fossile Solenoporaceae und Corallinaceae, Neues Jahrb. Mineralog. 
Ref. (1930) p. 122-147; P. Lemoine: Contribution @ Vétude des Corallinacées fossiles 
I-IX, Bull. Soc. Géol. France, (1917-1926) ; also papers by J. Pfender. 

18 Solms-Laubach: Fossil Botany (1891) p. 45 (English trans.) 

4 P. Lemoine: Contribution @ Vétude des Corallinacées fossiles—VII. Mélobésiées 
miocénes recueillies par M. Bourcart en Albanie, Bull. Géol. Soc. France, sér. 4, tome 23 
(1923) p. 275. 
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an earlier paper the writer ** was unable to draw distinguishing specific 
lines between plants now living near Colon and Pleistocene fossils in the 
same region. Pfender*® has described unsegmented corallines on the 
coast of the Bandol peninsula (Var) in Provence, France, as growing 
on Quaternary stone that contains broken fragments of the same species. 

Foslie *” has referred to the recent Lithothamnium glaciale Foslie as 
occurring also as a “subfossil” under the green turf a few meters above 
the level of the sea at Tamsé in Finmark and “probably in part this 
species * * * in several other places, from Vadsé in East Finmark 
and southward as far as the mouth of the Trondhjemfjord, sometimes 
even up to 50 meters above the level of the sea.” He refers also to its 
collection in Ellesmere Land at several localities from three to five meters 
above sea level. 

Mme. Lemoine ** has identified seven species of fossils of the genera 
Lithothamnium and Lithophyllum occurring in Pliocene and Quaternary 
strata of Calabria and Sicily with Recent species of the Mediterranean 
region. 

Detailed descriptions of localities of the four species thus far recog- 
nized in the Sierra Blanca limestone are given in Keenan’s?® paper. 
The type slides are preserved in the Stanford University paleontologi- 
cal type collection, to which the serial numbers refer. Gross speci- 
mens, probably including all the four species, and paratype sections of 
Mesophyllum Schenckii and Lithothamnium laminosum are deposited in 
the herbarium of The New York Botanical Garden.” 


%M. A. Howe: On some recent and fossil Lithothamnieae of the Panama Canal Zone, 
U. S. Nat. Mus. Bull. 103 (1919) p. 2-6, pl. 1-6. 

16 Juliette Pfender: Sur une formation quaternaire marine des cétes de Provence, Bull. 
Soc. Géol. France, sér. 4, tome 24 (1924) p. 8, 9, 193-197. 

17M. Foslie: Remarks on northern Lithothamnia, K. Norske Videnskab. Selsk. Skr. 
1905, no, 8 (1905) p. 33, 34. 

%P, Lemoine: Contribution @ Vétude des Corallinacées fossiles—V. Les Coral- 
linacées de Pliocéne et du Quaternaire de Calabre et de Sicile recueillies par M. Gignouz, 
Bull. Soc. Géol. France, sér. 4, tome 19 (1920) p. 101-114, pl. 3, figs. 1-7. 

19M. F. Keenan: op. cit. 

2 Gross specimens from the type station, probably representing all the species, have 
been sent to the U. S. National Museum, Washington, D. C.; the U. S. Geological Sur- 
vey, Washington, D. C.; the herbarium of the University of California, Berkeley; the 
California Acedemy of Sciences, Golden Gate Park, San Francisco; the San Diego So- 
ciety of Natural History, San Diego; the Farlow Herbarium, Harvard University; the 
British Museum (Natural History), London; Muséum d'Histoire Naturelle, Paris; 
Geologische Abtheilung, Naturhistorisches Museum, Vienna; Musée Royal d’Histoire 
Naturelle, Brussels; R. Liceo Scientifico, Milan; Kgl. Norske Videnskabers Selskab 
(Museet), Trondhjem, Norway; and Tohdku Imperial University, Sendai, Japan. 
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DESCRIPTION OF SPECIES 
Class RHODOPHYCEAE 


Order CRYPTONEMIALES 
Family CORALLINACEAE 


Mesophyllum Schenckii sp. nov. 
(Plates 52 and 53) 


Thallus forming more or less concentric concretions up to two centimeters in 
diameter, finally with irregular intricate concrescent branches, mostly one to 
five millimeters thick, rather conspicuously laminate-zonate in section, with 
numerous lacunae; primary hypothallia obscure, or well developed, with 
ascending short-celled filaments three to ten cells long; cells of medullary 
hypothallium subquadrate in longitudinal section, mostly six to eight, by seven 
to eleveny,, in rather obvious layers and the layers distinctly zonate; cells of 
perithallium subquadrate in section, mostly five to teny,, often broader than 
high, in distinct layers; tetrasporic conceptacles 125 to 320, in diameter. 

Collected by M. F. Keenan, September 1930. 

Holotype no. 5635, slide no. 1164, Leland Stanford Junior University locality 


930, Indian Creek. 


This species is dedicated to Hubert G. Schenck who directed the in- 
vestigations of the late Mr. Keenan and who has generously made avail- 
able for study by the present writer a wealth of material of the Sierra 
Blanca limestone and of other algal limestones of the Pacific Coast of 
North America. 

Mesophyllum Schenckii seems to form a large part, probably the domi- 
nant part, of the lower 160 feet of the Sierra Blanca limestone. It is 
associated with Lithothamnium laminosum, described below, and some- 
times with Archaeolithothamnium Keenani, and with orbitoidal Foramin- 
ifera (Discocyclina). The species is probably akin to the Recent Litho- 
thamnium validum Fosl.,?* described from San Diego, California, of the 
type specimen of which the writer has seen fragments. If the writer 
is correct in his mental reconstruction of the external form of the firmly 
imbedded organism, Mesophyllum Schenckii is less crustaceous and more 
ramose; and its tissues are more loosely laminar. The species may be 
compared also with the Oligocene Mesophyllum Vaughanii (Howe) ?* Lem. 
from the Culebra formation of the Panama Canal Zone, but the cells and 
conceptacles of M. Schenckti are considerably smaller. 

Mme. Lemoine’s new generic name, Mesophyllum,”* is adopted for 


1M. Foslie: New Melobesieae, K. Norske Vidensk. Selsk. Skr. 1900, no. 6 (1901) p. 4; 
1906, no. 2 (1906) p. 10; M. Foslie-H. Printz: Contributions to a monograph of the 
Lithothamnia, Contrib. Monog. Lith. (1929) pl. 12, fig. 13. 

2M. A. Howe: op. cit., p. 6-8, pl. 7, figs. 1, 2; pl. 8. 

%P. Lemoine: Un nouveau genre de Mélobésiées ; Mesophyllum, Bull. Soc. Bot. France, 
str. 5, tome 4 (1928) p. 251-254. 
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species having the clearly stratified and zonate hypothallium previously 
considered by her to be characteristic of the genus Lithophyllum, com- 
bined with the many-orificed tetrasporangial sori previously considered 
characteristic of the genus Lithothamnium. 


Archacolithothamnium Keenani sp. nov. 
(Plate 54) 


Thallus forming crusts 0.6 to 1.6 millimeters thick, with irregular or sub- 
terete outgrowths or branches 0.6 to two millimeters in diameter; hypothallia 
of primary crusts weakly developed ; cells of medullary hypothallium quadrato- 
oblong in longitudinal section, eight to ten, by sixteen to twenty-six,, mostly 
in regular layers and the layers often zonate; cells of perithallium seven to 
thirteen, by eight to eighteen, in distinct and regular layers, and the layers 
commonly zonate; sporangial sori becoming overgrown or imbedded, the 
sporangial cavities (in radial or longitudinal section) ten to twenty in a series, 
ovoid or elliptic, thirty-eight to fifty, by sixty to ninety,. 

Holotype 5057, slide no. 1151, Leland Stanford Junior University locality 
1106, Cachuma Creek (collected by R. N. Nelson). The species occurs also 
at locality 930 (collector Keenan), Indian Creek. 

Apparently fragmentary, intermingled with Mesophyllum Schencku, 
foraminifera, etc. If in situ, the organism forms a labyrinth of intri- 
cately intertangled branches. This fossil species is probably allied to 
the Recent A. zonatosporum Fosl.,?* described from the Californian coast 
at Long Beach near Los Angeles, and presumably occurring also along 
the Santa Barbara coast more than 3000 feet below the present elevation 
of the fossil reef of the Sierra Blanca. Archaeolithothamnium zonatos- 
porum is known to the writer only from the original description and a 
habit photograph,”® from which it would appear that the crusts of A. 
Keenani are much thinner, being 0.6 to 1.6 millimeters thick as com- 
pared with about two centimeters in A. zonatosporum and that the ex- 
crescences or branches of A. Keenani are much narrower, being 0.6 to two 
millimeters in diameter as compared with four to eight millimeters in 
the Recent species. 

Archaeolithothamnium Keenani may be related also to the Oligocene 
A, affine Howe,”* from the Antigua formation, but is apparently a more 
crustaceous species with fewer sporangial cavities in a series, as shown 
in a section. 

Lithothamnium laminosum sp. nov. 
(Plate 55) 


Thallus forming usually two to eighteen discrete superposed lamellae, each 
sixty to 200, thick, irregularly disposed, epiphytic on other Lithothamnieae, 


%M. Foslie: Algologiske notier, K. Norske Vidensk. Selsk. Skr. 1906, no. 2 (1906) 
p. 14. 

2M. Foslie-H. Printz: op. cit., pl. 44, fig. 13. 

2M. A. Howe: Tertiary calcareous algae from the islands of St. Bartholomew, Anti- 
gua, and Anguilla, Carnegie Inst. Washington Publ. 291 (1919) p. 11, 12, pl. 4, fig. 1; 
pl. 5. 
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or sometimes aggregated in more or less globular concretions three to four 
millimeters in diameter ; hypothallia rather obscure, of two or three (rarely 4) 
series of small irregularly arranged cells or reduced to a single series, the 
cells then usually broader than high, about eight to ten, by six to eight, ; 
cells of perithallium in somewhat regular ascending or vertical rows or fila- 
ments, mostly four to twelve cells high, the cells ten to thirty-four, high, nine 
to twelve, broad; conceptacles unknown. 

Collected by M. F. Keenan, September 1930. 

Holotype no. 5637, slide no. 1159, Leland Stanford Junior University locality 
930, Indian Creek. 

Lithothamnium laminosum is nearly always associated with Mesophyl- 
lum Schenckit, with which its relations are sometimes hard to determine, 
M. Schenckii itself often showing a somewhat loosely laminate struc- 
ture. However, it is believed that its relation to M. Schenckii is that of 
an epiphyte rather than of a variant or primary crust. It differs in the 
thin, obviously discrete lamellae and in the larger cells of the perithal- 
lium, which are often higher than broad, the reverse being true in M. 
Schenckii. 

So far as known to the writer, there is no Recent species of the Cali- 
fornian coast with which Lithothamnium laminosum may be critically 
compared. Possibly L. mesomorphum Fosl.?" of Bermuda and L. meso- 
morphum ornatum Foslie and Howe ** of the Antilles may be said to be 
relatives. LL. laminosum differs from these in its usually thinner, more 
closely compacted crusts, which are sometimes concentrically disposed, 
in its compact hypothallium, in its larger perithallic cells, and in other 
features. From the European Mesophyllum lichenoides (Ell. and Sol.) 
Lem., it differs widely in the nature of the hypothallium. 


Lithophyllum Sierrae-Blancae sp. nov. 
(Plate 56) 


Thallus semicrustaceous, with irregular thoroughly concrescent lobes or 
branches 1.5 to three millimeters in diameter; cells of the medullary hypothal- 
lium eight to eleven, by eighteen to thirty,, in very distinct layers and the 
layers arcuate-zonate in median longitudinal sections; perithallic cells sub- 
quadrate in radio-longitudinal section, mostly ten to fifteen,, commonly higher 
than broad, very distinctly layered; conceptacles unknown. 

Collected by M. F. Keenan, September 1930. 

Holotype no. 5638, slide no. 1158, Leland Stanford Junior University local- 
ity 930, Indian Creek. 


In the distinct and regular layers of its cells, Lithophyllum Sierrae- 
Blancae sometimes suggests Archaeolithothamnium Keenani, of the same 
locality, but it seems to have less rigid cell walls, and its branches appear 
to be less free. Among the living representatives of the genus on the 


7M. Foslie: New Melobesieae, K. Norske Vidensk. Selsk. Skr. 1900, no. 6 (1901) p. 5; 
M. Foslie-H. Printz: op. cit., pl. 9, figs. 7, 8. 

°° M. Foslie and M. A. Howe: New American coralline algae, Bull. New York Bot. Gard., 
vol. 4 (1905) p. 129, pl. 80, fig. 2; pl. 90, fig. 2; M. Foslie-H. Printz: op. cit., pl. 9, fig. 9. 
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Fossil 
Lithophyllum .,..... 


Mesophyllum (?) ..... 


Archaeolithothamnium 
(?—sterile) and 


Lithophyllum ...... 


“Lithothamnium” 


“Lithothamnium” .... 


Amphiroa (2) 


Mesophyllum 


neighboring coast, it is perhaps best compared with Lithophyllum probos- 
cideum Fosl.,2° dredged at Monterey, from which it differs in its less 
discrete branches and in its larger cells. 


OCCURRENCE ON PACIFIC SLOPE 


The following summary of the occurrence of fossil marine calcareous 
algae in formations on the Pacific slope of North America is based partly 
on specimens examined by the writer and partly on reports of others: 


Occurrence 


...San Clemente Island, southern Cali- 


fornia. 

Quarry of Lomita Lime and Fer- 
tilizer Company, Leland Stanford 
Junior University locality 1185, 
twenty miles south of Los Angeles 
and two miles south of Lomita, Los 
Angeles County, California. 


.Bathhouse Beach horizon, Santa 


Barbara, California. 

La Ventana, Arroyo Cadegomo 
(Purisima River), southern Lower 
California “probably corresponding 
with the Fernando formation of 
California” (fide A. Heim). 

In boulders in Pico formation, Ven- 
tura County, California. 


Vaqueros formation at the Leland 
Stanford Junior University locality 
1155, San Luis Obispo County, Cali- 
fornia. 

Undetermined Corallinaceae, one of 
them possibly an Amphiroa (acc. to 
M. F. Keenan, fide L. M. Clark), 
from various localities, such as Cojo 
Creek, El Jaro Creek, and San 
Miguelito Canyon, Santa Barbara 
County, California. 

L. S. J. U. loc. 1118, “four miles 
southwest of Lompoc on west side 
of San Miguelito Canyon, Santa 
Barbara County, California.” 


2M. Foslie: On some Lithothamnia, K. Norske Vidensk. Selsk. Skr. 1897, no. 1 (1897) 
p. 14; M. Foslie-H. Printz: op. cit., pl. 63, fig. 3, 4. . 
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Oligocene ....... None certainly reported. 


r “Calcareous algae and foraminifera 
of marine origin,’ Denton Creek 
and “one-fourth mile southwest of 
the forks of Coos river,” Oregon. 

Mesophyllum .........L. S. J. U. loc. 1111, about three 
miles southwest of Dallas (upper 
middle Eocene), Polk County, 
Oregon. 

Archaeolithothamnium, 

Lithothamniun, 

Lithophyllum, and 

Mesophyllum .......Sierra Blanca limestone,” of lower 
middle Eocene age, L. S. J. U. loc. 
930, Indian Creek, San Rafael Moun- 
tains, Santa Barbara County, Cali- 
fornia. One or more of the above 
genera also at Cachuma Creek, L. 8S. 
J. U. loc. 1106 ; “on hill 2 miles south- 
west of Loma Pelona,” L. S. J. U. loc. 
1112; and “east side of creek, eleva- 
tion 3500 feet, about half a mile 
south of Big Pine Fault,” L. S. J. U. 
loc. 1113; all in Santa Barbara 
County, California. 

Lithothamnium .......L. 8S. J. U. loc. 309, “one and one- 
fourth miles northeast of the old 
Guadalupe quicksilver mine, Santa 
Clara County, California.” 

Archaeolithothamnium, 

Lithothamnium, prob- 

ably Mesophyllum ...L. S. J. U. loc. 985 (=Univ. Calif. 
loc. A-886), “west side of Nojoqui 
Canyon, 1.7 miles due east of Hill 
1921, 3 miles south of Buelton,” 
Santa Barbara County, California. 
Caleareous algae (according to 
Schenck), “In road-cut east of Hill 
2018, U. S. G. S. topographic map, 
2.2 miles S. 30° W. of top of Mount 
Diablo” (L. 8S. J. U. loc. 986), Con- 
tra Costa County, California. Mega- 
nos formation, Eocene. 


Eocene ....... 


Lithophyllum .........In Martinez formation, Santa Ynez 
Canyon, Santa Monica Mts., Los 


Paleocene ..... 
Angeles County, California. 


% “Tithothamnium in boulders [of Sierra Blanca limestone] in the Sespe formation” 
(lower Miocene or upper Oligocene), Ventura County, California. 
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Archaeolithothamnium..(?—cell structure not well pre- 

served) from Whitsett limestone, L. 

Cretaceous .... S. J. U. loc. 1110, about ten miles 
southeast of Roseburg, Oregon. 


REGISTER OF LOCALITIES 
OREGON 


Coos County.—Coos Bay quadrangle: Denton Creek and “one-fourth 
mile southwest of the forks of Coos River. Calcareous algae and foramin- 
ifera of marine origin.” Eocene. (See Coos Bay Folio, U. S. Geologi- 
cal Survey.) 

Polk County.—About three miles southwest of Dallas: Stanford Uni- 
versity locality 1111 (=University of California locality 10033), NE. 14 
sec. 11, T. 8 S., R. 6 W.; Oregon-Portland Cement Company’s limestone 
quarry. Mesophyllum. Upper middle Eocene (Cowlitz). 

Douglas County.—Roseburg quadrangle: Stanford University locality 
1110, about ten miles southeast of Roseburg; quarry, SW. corner sec. 14, 
T. 28 S., R. 5 W. Archaeolithothamnium (?). Whitsett limestone, 
Cretaceous. (See Roseburg Folio, U. S. Geological Survey.) 


CALIFORNIA 


Los Angeles County.—Stanford University locality 1185, twenty miles 
south of Los Angeles, and two miles south of town of Lomita; quarry of 
the Lomita Lime and Fertilizer Company. Pleistocene, twenty feet 
stratigraphically above Miocene beds at this locality.** Mesophyllum(?). 

Los Angeles County.—San Clemente Island, Pleistocene. Lithophyl- 
lum. 

Los Angeles County.—Santa Ynez Canyon, Santa Monica Mountains. 
Martinez formation, Paleocene.** Lithophyllum. 

Ventura County.—Boulders in Pico formation, Pliocene. “Lithotham- 
nium.” 

Santa Barbara County.—City of Santa Barbara: “Bath-house Beach 
horizon,” upper Pliocene.** Archaeolithothamnium (?) and Lithophyl- 


lum. 


J. J. Galloway and Stanley G. Wissler: Pleistocene foraminifera from the Lomita 
quarry, Palos Verdes Hills, California, Jour. Pal., vol. 1, no. 1 (1927) p. 35. 

2H. W. Hoots: Geology of the eastern part of the Santa Monica Mountains, Los 
Angeles County, California, U. S. Geol. Surv. Prof. Pap. 165 (1931) p. 91, 92. 

3%. S. Grant IV and H. R. Gale: Catalogue of the marine Pliocene and Pleistocene 
mollusca of California, San Diego Soc. Nat. Hist., Mem., vol. 1 (1931) p. 1, 36, 101. 
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Santa Barbara County.—Lompoc quadrangle: Stanford University 
locality 1118, four miles southwest of Lompoc, on west side of San Migue- 
lito Canyon. Temblor formation (?), Miocene. Mesophyllum. 

Santa Barbara County.—Various localities, such as Cojo Creek, El 
Jaro Creek, and San Miguelito Canyon. Miocene. Undetermined Coral- 
linaceae, one of them possibly an Amphiroa.** 

Santa Barbara County.—Santa Ynez quadrangle: Stanford Univer- 
sity locality 930 **, at intersection of Indian Creek with limestone beds 
which dip to the north; about four miles south of Big Pine Mountain. 
Sierra Blanca limestone, Eocene. Archaeolithothamnium, Lithotham- 
nium, Lithophyllum, and Mesophyllum.** One or more of these genera 
in correlative limestones at other localities in Santa Barbara County, 
such as: Stanford University locality 1106, Santa Ynez quadrangle, east 
fork Cachuma Creek, just northwest of right angle in stream; Stanford 
University locality 1112, Santa Ynez quadrangle, on hill two miles south- 
west of Loma Pelona; Stanford University locality 1113, Santa Ynez 
quadrangle, latitude 34° 40’ 40”, longitude 119° 42’ 30”, elevation 3500 
feet, about half a mile south of Big Pine fault. 

Santa Barbara County.—Lompoc quadrangle: Stanford University lo- 
cality 985 (=Univ. of Calif. locality A-886), three miles south of Buel- 
ton, west side of Nojoqui Canyon, 1.7 miles due east of Hill 1921. 
Eocene. Archaeolithothamnium, Lithothamnium, and probably Meso- 
phyllum. 

San Luis Obispo County.—Adelaida quadrangle: Stanford University 
locality 1155, on west slope of low hill just above Las Tablas Creek, on 
road leading northwest down the creek, center of sec. 7, T. 26 S., R. 10 E., 
near B. M. 836. Vaqueros formation, lower Miocene.** Lithotham- 
nium. 

Contra Costa County—Mount Diablo quadrangle: Stanford Univer- 
sity locality 986, in road-cut east of Hill 2018, 2.2 miles south 30° west 
of top of Mount Diablo. Meganos formation, Eocene. Calcareous algae 
(according to Schenck). 


%M. F. Keenan in Micropal. Bull., vol. 3 (1931) p. 15. 

% Locality described by Keenan: op. cit., p. 78, 79. 

% Boulders of Eocene Sierra Blanca limestone containing “Lithothamnium” are re- 
ported to occur in the Sespe formation, of lower Miocene or upper Oligocene age, of 
Ventura County. 

7 N. L. Taliaferro and H. G. Schenck: Lepidocyclina in California, Am. Jour. Sci., 
vol. 25 (1933) p. 74, fig. 1. 
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EXPLANATION OF PLATES 
Prater 52 
FOSSIL ALGAE OF THE SIERRA BLANCA LIMESTONE 
Fragments from the Leland Stanford Junior University locality 930, natural 
size. “A,” “C,” and ‘‘D” show weathered surfaces, and ‘‘B”’ is a polished sur- 
face. Three or four of the larger concretions represent Mesophyllum Schenckii 


Howe, usually with Lithothamnium laminosum Howe associated. Some of the 
smaller, rounder, more compact figures are branches of Archaeolithothamnium 


Keenani Howe. “D” bore Nelson’s mark BRN, .,, “C” was marked H4-94. 
These specimens are deposited in the herbarium of The New York Botanical 
Garden. “E” is Mesophyllum Schenckiit Howe, sp. nov., a radio-longitudinal 
section of an excrescence or branch, showing two sporangial conceptacles, x 90. 
Holotype no. 5635, from slide no. 1164, locality 930, Indian Creek. 
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PLATE 53 
MESOPHYLLUM SCHENCKII HOWE 


A. Section showing rather small sporangial conceptacles, from hypotype no. 
5639, slide no. 1163, locality 930, x 90. 

B. Section showing larger sporangial conceptacles, with distinctly arched roofs, 
hypotype no. 5640, slide no. 1163, locality 930, x 90. 

C. Section showing the usual structure of a sterile crust, with suggestions of a 
concrescent excrescence at the right, from hypotype no. 5641, slide no. 1164, 
locality 930, x 90. 
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MESOPHYLLUM SCHENCKII HOWE 


A >» 

Cc 


54 
ARCHAEOLITHOTHAMNIUM KEENANI HOWE 


> 


. Obliquely radio-longitudinal section of an excrescence, showing sporangia, 
from holotype no. 5057, slide no. 1151, locality 1106, x 90. 

B. Transverse section of an excrescence or branch, from hypotype no. 5636, slide 

no. 1160, locality 930, x 90. 
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ARCHAEOLITHOTHAMNIUM KEENANI HOWE 
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Puate 55 
LITHOTHAMNIUM LAMINOSUM HOWE 


A. Transverse section of a concretion, showing numerous superposed laminae, 
from holotype no. 5637, slide no. 1159, type locality 930, x 32. 
B. A part of above section, x 90. 


> 


BULL, GEOL. SOC. AM. VOL. 45, 1934, PL. 55 


LITHOTHAMNIUM LAMINOSUM HOWE 
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Piate 56 
LITHOPITYLLUM SIERRAE BLANCAE HOWE 
A. Median longitudinal section of a concrescent lobe, showing medullary hypo- 
thallium and perithallium, from holotype no. 5638, slide no. 1158, locality 
930, x 90. 
B. Tangential section through perithallium, from slide no. 1158, x 90. 
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Structure contour map of the upper Mississippi Valley region 


FIGukE 1, 
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UPPER MISSISSIPPI VALLEY STRUCTURE * 


BY A. C, TROWBRIDGE 


(Read before the Geological Society, December 30, 1933) 
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INTRODUCTION 


Although there are obvious and close relationships between Paleozoic 
structure in the upper Mississippi Valley and sedimentary, stratigraphic, 
geomorphic, and economic problems in this classic area, relatively little 
attention has been given to structure in the past. The purposes of this 
paper are to present a new structure contour map based on the Jordan- 
Oneota (Cambrian-Ordovician) contact and to point out certain impli- 
cations bearing on other problems. The map is based on data obtained 
from many sources. Locations and elevations of the datum contact along 
the Mississippi River and some of the control points on the Wisconsin, 
the Black, the Chippewa, the St. Croix, and the Minnesota rivers were 
taken from measured and plotted longitudinal sections and cross-sections 
made by the writer from 1928 to 1930 while engaged as consulting geol- 
ogist to the Nine-foot Channel Board. Many other points on the datum 
surface were located by the writer, his assistants, and his graduate stu- 
dents by use of plane table and alidade, stadia level, altimeter, or hand 
level. Where recent topographic maps were available, both horizontal 
and vertical locations of points of contact are based on the maps. In 
other areas the locations are based on county maps or township plats or 
on field plane-table sheets, and the elevations on the United States Geo- 


* Manuscript received by the Secretary of the Society, January 31, 1934. 
(519) 
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logical Survey, Mississippi River Commission, or United States Army 
Engineer Department bench marks. 

Graduate students by whom control points were supplied include G. I. 
Atwater, H. L. Boyle,? G. M. Clement,’ D. T. Cornwall,* C. W. Couser,5 
M. E. Leatsler,® L. F. Lees,? E. H. Powers,* and C. C. Smith. Pub- 
lished literature was studied especially for subsurface structural data. 
Clinton R. Stauffer and George M. Schwartz kindly furnished data for 
Minnesota, which would not have been available otherwise, and W. H. 
Twenhofel, F. T. Thwaites, Ira Edwards, and G. O. Raasch did likewise 
for Wisconsin. In addition to supplying data from his own thesis, Mr. 
Atwater was especially helpful in finding and checking subsurface infor- 
mation in published literature, obtaining final data from outcrops in 
areas previously inadequately controlled, tabulating data from all sources, 
making up the preliminary draft of the map, and in other ways. Most 
of the control points, of which there are about 300 in all, were from the 
Jordan-Oneota contact, but some were transposed to this horizon by 
adding to or subtracting from the elevations of lower or higher horizons 
the known thicknesses of intervening beds. The control points are not 
shown on the published map, but a blueprint on a larger scale containing 
all the data can be furnished to those who desire additional information. 

The map shows the attitude of the datum horizon in the upper Mis- 
sissippi Valley structural province from 90 or 100 miles south of Lake 
Superior to the Iowa-Illinois line and from the main axis of the Wis- 


1G. I. Atwater: Geology of a portion of the Stoddard quadrangle, unpublished thesis, 
Univ. Iowa Library (1930). 

2H. L. Boyle: Structure and stratigraphy in the Chippewa River valley between Nel- 
son and Durand, unpublished thesis, Univ. Iowa Library (1932). 

8G. M. Cl t: Pal ic stratigraphy and structure on St. Croiz River, unpublished 
thesis, Univ. Iowa Library (1933); also (abstract), Proc., Geol. Soc. Am., for 1933 
(1934). 

*D. T. Cornwall: Geology of a portion of the Richland Center quadrangle, unpublished 
thesis, Univ. Iowa Library (1926). 

5C. W. Couser: Geology of the Wauzeka quadrangle north of Wisconsin River, un- 
published thesis, Univ. Iowa Library (1931) ; Stratigraphy and structure on Minnesota 
River, unpublished thesis, Univ. Iowa Library (1934); also (abstract), Proc., Geol. 
Soc. Am., for 1938 (1934). 

°M. E. Leatsler: Geology of the Viroqua quadrangle, unpublished thesis, Univ. Iowa 
Library (1931). 

™L. F. Lees: Stratigraphy and structure on Red Cedar River, unpublished thesis, 
Univ. Iowa Library (1934). 

®E. H. Powers: Paleozoic stratigraphy and structure in the valleys of Willow and 
Apple rivers, unpublished thesis, Univ. Iowa Library (1932); The Prairie du Chien 
problem, unpublished thesis, Univ. Iowa Library (1934). 

°C. C. Smith: Paleozoic stratigraphy and structure on Black River and on Chippewa 
River above Durand, unfinished thesis, Univ. Iowa (1932). 


INTRODUCTION 521 


consin geanticline *° to the border of outcrop of pre-Cambrian rocks at 
and north of New Ulm, Minnesota. Thus, the whole provincial area 
of outcrop of Cambrian and Ordovician formations is included. The 
line separating the pre-St. Croixan from the Cambro-Ordovician areas 
of outcrop on the map was taken largely from recent Minnesota and 
Wisconsin state maps. 


REGIONAL STRUCTURE 


The map (Fig. 1) shows a general synclinal axis toward which Cam- 
brian and Ordovician strata dip gently from structurally high areas on 
either side where pre-Cambrian, or at least pre-St. Croixan, rocks occur 
at the surface. 

Until this map was made it was supposed that the general syncline 
was simple and that its axis followed a slightly curved course from 
Duluth through Hinckley and the “Twin Cities” (Minneapolis and St. 
Paul). However, study of outcrops and wells west of the St. Croix and 
especially highly detailed structural mapping, by Powers on the Willow 
River, by Clement on the St. Croix and in the area between the Chippewa 
and the St. Croix, by Lees on the Red Cedar River, and by Boyle and 
Smith on the Chippewa, indicate that in the region north of Red Wing 
the main syncline is divided into two diverging synclines by a sharp 
anticline extending east of Taylors Falls and through Hudson, Wis- 
consin, and Afton, Minnesota, to plunge out near Hastings, Minnesota. 
This structural high was previously thought by Owen,’ Weidman and 
Schultz,1? Karges,’* Thwaites,* and Trowbridge and Atwater’® to be 
the result of faulting. Winchell,’* however, considered it to be an anti- 
cline. These three structures are here called the River Falls syncline, 
the Hudson anticline, and the Twin City syncline. 

It was previously supposed that the axis of the main syncline passed 
through the “Twin Cities,” Hinckley, and Duluth, but it is now known 
to cross the St. Croix and coincide by projection with the main axis of 


1F, T. Thwaites: Buried pre-Cambrian of Wisconsin, Bull. Geol. Soc. Am., vol. 42 
(1981) p. 720. 

1D. D. Owen: Report of a geological survey of Wisconsin, Iowa, and Minnesota. Lip- 
pincott, Grambo & Co., Philadelphia (1852) sec. I. 8. 

228. Weidman and A. R. Schultz: Water supplies of Wisconsin, Wisconsin Geol. and 
Nat. Hist. Survey Bull. 35 (1915) p. 546. 

13B. E. Karges: Faulting in the Paleozoic sediments near Hudson, Wisconsin, unpub- 
lished thesis, Univ. Wisconsin Library (1930). 

4F, T. Thwaites: op. cit., p. 736, 841. 

% A. C. Trowbridge and G. I. Atwater: Stratigraphy and structure of the Upper Mis- 
sissippi Valley (abstract), Bull. Geol. Soc. Am., vol. 42 (19381) p. 220. 

1%®°N. H. Winchell: Geology of Washington County, Geology of Minnesota, Final Rept., 
vol. 2 (1888) p. 383. 
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the Lake Superior syncline in Douglas County, Wisconsin, as described 
by Thwaites *” in 1912. 

The datum surface is about 500 feet lower at the axis of the main 
syncline than on the west border of the Paleozoic outcrop, and about 
1100 feet lower than at the east border of the Paleozoic rocks; about 600 
feet higher at the crest maximum of the Hudson anticline than at the 
axis of the River Falls syncline and 700 feet higher than at the axis of 
the Twin City syncline. The beds dip about 13 feet per mile on the west 
limb of the general syncline and about 10 feet per mile on the east limb; 
about 100 feet per mile on the average on the east limb of the Hudson 
anticline and 30 to 35 feet per mile on the west limb; about 100 feet 
per mile on the west limb of the River Falls syncline and about 16 feet 
per mile on the east limb. However, there are local dips as great as three 
degrees on both limbs of the Hudson anticline near the axis. As far 
as can be determined, the dips on opposite limbs of the Twin City syn- 
cline are about equal. The River Falls syncline pitches about 8 feet 
per mile, the Hudson anticline about 22 feet per mile, and the Twin 
City syncline about 10 feet per mile, all to the south. The axis of the 
main syncline is almost flat for about 40 miles south of where it branches, 
but it pitches about 8 feet per mile near the Minnesota-Iowa line. 


MINOR FOLDS 


In addition to the River Falls and Twin City synclines and the inter- 
vening Hudson anticline, which in this paper are considered as major 
parts of the regional structure, numerous minor anticlines, synclines, 
noses, and terraces, complicate the general structure locally. A map 
on this scale cannot show them all, and no claim is made for accuracy 
in details. At Arthur, Wisconsin, eight miles north of Platteville, the 
Platteville-St. Peter contact has a reversed northeasterly dip of about 
four degrees for a short distance. This is part of an anticline that can 
be traced eastward for several miles. It has not been mapped in detail, 
and if it had, it could not be shown on a map of this scale. There are 
also sharp northerly dips in the northwestern part of the Blanchardville 
quadrangle a few miles south of Ridgeway, Wisconsin, that are not shown 
on the map. Numerous other folds of this sort are known in the lead 
and zine region of southwestern Wisconsin and adjoining portions of 
Illinois and Iowa, many of which are mentioned in the literature and 


“FF, T. Thwaites: Sandstones of the Wisconsin coast of Lake Superior, Wisconsin 
Geol. and Nat. Hist. Survey Bull. 25 (1912) map. 
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some of which have been mapped in detail.‘* Thwaites?® found that 
the Paleozoic formations dip away from the pre-Cambrian “island” in 
the Baraboo district. These dips are extremely local and do not appear 
on this map. 

The mapping of the synclinal area joining the main syncline south- 
west of the “Twin Cities” is based on subsurface data. The minor syn- 
clinal axis, extending northeastward from the “Twin Cities,” was so 
mapped because of low exposed contacts near Osceola, Wisconsin. The 
anticline about twenty miles south of the “Twin Cities,” as shown on the 
map, is based on the log of a single well, but the figure has been checked 
and apparently is correct. A fault rather than an anticline may be in- 
dicated. 

Because the highest point of the datum surface on the Mississippi River 
is at Dresbach, it was previously thought that an important anticlinal 
axis crossed the river at that point,”° but now that additional control has 
been obtained, it is found that there is only a minor nose at Dresbach, 
similar to many local structures throughout the region. The river is 
closest to the Wisconsin high in this vicinity and therefore farthest up 
the dip of the strata. 

It is not to be understood that there is necessarily more local struc- 
ture where the contour lines on the map are more crooked; the crooked- 
ness of the lines in any locality is almost directly proportional to the 
number of control points used. 


FAULTS 


In 1888, Winchell ?* mentioned faults in the Mississippi River bluff 
opposite Hastings, Minnesota, and called attention to the fact that the 


%U. 8. Grant: Report on the lead and zinc deposits, Wisconsin Geol. and Nat. Hist. 


Survey Bull. 14 (1906) p. 52-54 and atlas. 
U. S. Grant and E. F. Burchard: Description of the Lancaster and Mineral Point 
Quadrangles, U. S. Geol. Survey Folio 145 (1907) p. 9. 
G. H. Cox: Lead and zinc deposits of northern Illinois, Illinois Geol. Survey Bull. 
21 (1914) p. 84-35 and maps. 
E. W. Shaw and A. C. Trowbridge: Description of the Galena and Elizabeth quad- 
rangles, U. S. Geol. Survey Folio 200 (1916) p. 8. 
A. C. Trowbridge and B. W. Shaw: Geology of the Galena and Elizabeth quadrangles, 
Illinois Geol. Survey Bull. 26 (1916) p. 54-60, 160. 
W. H. Emmons: Origin of deposits of sulphide ores of the Mississippi Valley, Econ. 
Geol., vol. 24 (1929) p. 221-271. 
C. K. Leith: Structure of the Wisconsin and Tri-State lead and zinc deposits, Econ. 
Geol., vol. 27 (1982) p. 405-418. 
FF, T. Thwaites: Buried pre-Cambrian of Wisconsin, Bull. Geol. Soc. Am., vol. 42 
(1981) p. 739. 
2A. C. Trowbridge: Hrosional history of the Driftless Area, Univ. Iowa Stud. Nat. 
Hist., vol. 9, no. 8 (1921) p. 98. 
A. C. Trowbridge and G. I. Atwater: op. cit. 
1N. H. Winchell: op. cit., p. 383. 
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Oneota-Jordan contact is so much lower on the Hastings side of the 
river than on the opposite side that another fault might be indicated. 
Detailed surface and subsurface work in this locality give results as 
shown on the map. The fault plane actually seen by Winchell trends 
S. 77° W. and is practically vertical; the displacement is at least 100 
feet. Three deep wells, recently drilled at Hastings, check Winchell’s 
evidence for a fault between the two river bluffs. On the Hastings side 
the datum plane is 150 feet lower than on the opposite side. However, 
there is no sign of continuation of either of these faults up or down the 
Mississippi or on the St. Croix. They must be about as short as shown 
on the map. 

The block faulting near the “Soo” drawbridge on the Minnesota side 
of the St. Croix, described by Peterson,”* is too small to be shown on this 
map. Here, Franconia sandstone is in contact with Decorah shale, and 
the displacement is about 500 feet. 

At Red Wing, Minnesota, the Oneota-Jordan contact is 90 feet lower 
on Barn Bluff than on the main river bluff about a quarter of a mile 
away, and a fault is mapped between the two sections. This fault is 
found again a few miles above Red Wing, the datum surface being lower 
on the Wisconsin end than on the Minnesota end of a measured section 
across the river valley. 

Plane-table work, done by George M. Clement for the writer in 1933, 
revealed the presence of two faults on the east limb of the River Falls 
syncline near Waverly, Wisconsin. One of them appears on this map, 
about twenty miles southwest of Menomonie. The other is close by but 
could not be shown on this scale. In advance of the publication of 
detailed descriptions of these faults, it need only be said that at one of 
them the Mount Simon sandstone and the Franconia sandstone—beds 
that are 300 to 500 feet apart in the normal section—are in contact. 
The fault trends S. 38° E. and the dip 65° southwest. Bedding planes 
are deformed, and quartz pebbles in the Mount Simon are shattered. 
At the other fault, laminated Lodi shale has been upthrown against One- 
ota dolomite and stands vertically as the result of drag along the fault 


plane. 
Winchell ?* described, and Emmons * later mentioned, a fault of unde- 


2 Eunice Peterson: Block-faulting in the St. Croix Valley, Jour. Geol., vol. 35 (1927) 
p. 368-374. 

*8N. H. Winchell: Geology of Winona County, Geology of Minnesota, Final Report, 
vol. 1 (1884) p. 259. 

*W. H. Emmons: Origin of deposits of sulphide ores of the Mississippi valley, Econ. 
Geol., vol. 24 (1929) p. 258, 266. 
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termined magnitude in a mine shaft at Dresbach. The pit was closed 
long ago, and the fault cannot now be seen. No evidence of faulting at 
this place was observed during the present study. 

The fault south of Madison, shown in Figure 1, was mapped by 
Thwaites,”> and his conclusions were checked roughly during the present 
investigation. 

Further detailed mapping may be expected to discover other faults 
similar to these mentioned above. 


SEDIMENTATION 


One important problem related to this study of structure has to do 
with the possible relations of the present structure of Cambro-Ordovician 
formations to the early Paleozoic basin of deposition. Were the sedi- 
ments laid in a basin of which the present area of outcrop is only a small 
part, or does the present syncline reflect and roughly coincide with the 
whole of the ancient basin? Was the shore line of the old marine basin 
parallel with and not far from the present Paleozoic-pre-Cambrian line 
of contact, or does this line merely represent the rim of the syncline in 
which the sediments were protected from later erosion? Were these sedi- 
ments derived from nearby lands and transported into and deposited in 
this relatively small basin, or did they have much more distant sources 
and were they spread over a much larger basin? Are the dips from the 
pre-Cambrian highlands toward the synclinal areas and from the Hudson 
anticline toward the River Falls and the Twin Cities synclines on either 
side, of the nature of initial dips, or were the beds deposited essentially 
horizontally and deformed in post-Ordovician time? 

These questions cannot be answered completely at present. It can be 
said, however, that except as the Paleozoic formations lie against abrupt 
highlands on the pre-St. Croixan surface, as at Baraboo, and with certain 
other exceptions to be mentioned below, there is little or no evidence of 
over-lapping or of off-lapping, of thinning or of progressive lithologic 
change along lines approaching the pre-Cambrian areas, such as might 
be expected in the marginal area of a sedimentary basin close to land 
areas from which sediments were being derived. With an exception or 
two, all Cambrian and Ordovician formations and members are remark- 
ably persistent throughout the area to the outer edges of the outcrops, not 
only in lithology but in thickness. 

Typical Mount Simon sandstone is overlain by typical marine Eau 
Claire shale and sandstone at the very head of the Twin City syncline 


F. Thwaites: op. cit., fig. 1, p. 729. 
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as mapped. Typical Oneota dolomite and even Decorah shale occur 
within six miles of exposed pre-Cambrian near Osceola and the “Soo” 
drawbridge, the one protected in a small syncline and the other in a 
graben. Between a point near Burkhardt, Wisconsin, on the axis of the 
Hudson anticline, and the town of Ellsworth, Wisconsin, not far east of 
the axis of the River Falls syncline, there is a section almost 1000 feet 
thick including all formations and members from the Mount Simon to 
the Decorah. This is a normal section in every way. Measured sections 
from Huronian or Archean to Oneota in the Eau Claire-Menomonie area, 
close to the pre-Cambrian area of outcrop, have almost exactly the same 
thicknesses as these same sections at the “Twin Cities” and elsewhere at, 
and near, the axis of the main syncline. 

It is true, of course, that farther south, in Illinois, southern Iowa, and 
Missouri, these same formations do thicken considerably. It is true, also, 
that the shaly trilobite beds that make up the Eau Claire member of 
the Dresbach formation along the Mississippi River and elsewhere in the 
region are missing east of the Blac River, and their place in the section 
is taken by sandstone in the Mount Simon and the Galesville facies. 
Also, the St. Lawrence dolomite, that is so persistent in thickness and 
lithology along the Minnesota, the Mississippi, and the Wisconsin rivers, 
is more shaly, silty, and sandy and more nearly resembles the Lodi mem- 
ber in the Sparta-Tomah and the St. Croix River areas. These are the 
exceptions. 

It seems unlikely that 4-degree dips at Arthur, Wisconsin, and 3-degree 
dips on the Hudson anticline are initial dips. Certainly, the faults are 
younger than the youngest beds they cut and are post-Franconia, post- 
Oneota, or post-Decorah, as the case may be. 

On the whole, the idea cannot now be discarded that the early Paleo- 
zoic strata were laid practically horizontal in a large basin and that 
they were subsequently deformed and eroded to leave only relatively 
small remnants in protected places. If this were true, it would hardly 
be possible to map out the land areas, the shore lines, and the sea. The 
sea may well have covered the Wisconsin geanticline, the whole area 
around the south shore of Lake Superior, and the area in western Minne- 
sota and South Dakota between the Minnesota River and the Black Hills. 
It is hoped that more will be known about this problem when the more 
than 400 samples collected in 1933 from known horizons and known dis- 
tances from the axes and mapped boundaries of the major synclines have 
been studied in detail. 
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The map shows that the Mississippi River flows obliquely up the dip 
from St. Paul, where it crosses the 500-foot structure contour, to Dres- 
bach, where it crosses the 1100-foot contour, and obliquely down the dip 
from Dresbach to Dubuque, where it crosses the 100-foot contour. It also 
crosses many smal] anticlines and synclines, and at least at Hastings 
and at Red Wing it flows across faults of considerable magnitude. Obvi- 
ously, the river is not antecedent in the sense that in its present course 
it antedates the deformation. There is no known way in which the stream 
could have been superimposed. In 1921 the writer ** published the idea 
that perhaps the river acquired its present course in the old age of the 
Dodgeville erosion cycle, and that it held this course during subsequent 
cycles. On the west side of the Mississippi River throughout its extent 
in this region, but not on the east side, there are numerous remnants of 
an ancient upland drift. This drift is believed to be Nebraskan. Evi- 
dence now indicates that the river acquired its structurally anomolous 
course by following the eastern margin of the Nebraskan glacier. If 
this be true the pre-Nebraskan course of the river should be found under 
the drift to the west. Kay and Apfel *’ have described a wide, shallow 
subdrift depression entering Iowa from Minnesota some hundred miles 
west of the Mississippi River and extending to the southeast corner of 
Towa. 

It may be that what was called the Lancaster peneplain in 1921 ** is 
nothing more than a series of wide, shallow, graded valleys that in pre- 
Nebraskan time drained westward into this old valley of the Mississippi. 
Now that there are many excellent new topographic maps in Wisconsin, 
and the structure of the region is better known, the whole geomorphology 
of the Driftless Area, about which there has been considerable disagree- 
ment,”* should be reviewed. 


% A.C. Trowbridge: Erosional history of the Driftless Area, Univ. Iowa Stud. Nat. 
Hist., vol. 9, no. 3 (1921) p. 97-104. 


7G, F. Kay and B. T. Apfel: Pre-Illinoi Pleist geology of Iowa, Iowa Geol. 
Survey, vol. 34 (1928) p. 27, fig. 4. 
% A.C. Trowbridge: op. cit., p. 84-95. 
2 Lawrence Martin: Physical geography of Wisconsin, Wisconsin Geol. and Nat. Hist. 
Survey Bull. 86 (1916) p. 55-70; 2nd ed. (1932) p. 59-77. 
A. C. Trowbridge: op. cit., p. 79-84, 91-95. 
F. T. Thwaites: op. cit., p. 745. 
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The Kamchatka group of volcanoes constitutes a great and important 
link in the Pacific voleanic chain which, with Java as its first link, ex- 
tends diagonally across the Pacific to Alaska, the intermediate links being 
the Philippine Islands, the Japanese archipelago, the Kurile Islands, 
Kamchatka, and the Aleutian Islands. There are 127 volcanoes known 
in Kamchatka, 19 of which are active or solfataric. This is the greatest 
active group of volcanoes on the Eurasian continent. 

English scientific literature contains little data about the volcanoes of 
Kamchatka, or, for that matter, about the peninsula of Kamchatka as 
a whole. 

It needed the tremendous eruption of Shtyubelya in southern Kam- 
chatka in 1907, effects and phenomena of which were observed as far 
as western Europe, to bring to the world’s attention the existence of these 
powerful, although remote, volcanoes. 

The most important writings in English about explorations in Kam- 
chatka and about its fundamental geography are translations of Russian 
works. The first one, “Description of the Land of Kamchatka” by 


* Manuscript received by the Secretary of the Society, May 5, 1933. 
(529) 
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Krasheninnikov, published in 1755, was followed by a work of Erman 
in 1838, and by one of Ditmar in 1855. 

In 1904, Bogdanovich published a “Geologische Skizze von Kam- 
tschatka” in Petermanns Mitteilungen accompanied by a map, compiled 
in 1901, on the scale of 1:2,000,000. Outside the Russian language this 
work on the orography of Kamchatka is still considered the most recent 
and the most authoritative concerning Kamchatka, although neither text 
nor map has been revised for thirty years. 

In 1923 a member of the Swedish expedition to Kamchatka, Eric Hul- 
ten, published in English a short description of South Kamchatka, “Some 
geographical notes on the map of South Kamchatka,” describing some 
of the volcanoes. 

This paucity of material for non-Russian-reading persons is in marked 
contrast to the amount published in Russian since 1900. 

The F. P. Ryabushinsky Expedition of 1908-1910 carried out a thor- 
ough program of exploration of this region, and the published results 
of the expedition’s work are of great value. The only part of this work 
reported in English was V. Jochelson’s excellent work, “The Archaeolo- 
gical Investigations in Kamchatka,” issued by the Carnegie Institution 
of Washington in 1928. 

In 1932, P. T. Novograblonov, well known for his work as an explorer 
in Kamchatka, published a “Catalogue of the Volcanoes of Kamchatka.” 
This catalogue represents an attempt to list exhaustively all the volcanic 
extrusions of Kamchatka. The list gives a brief description of each 
volcano, with geological, geographical, and petrographical data. Dif- 
ferent names are given to the same volcano in different publications on 
Kamchatka, and the same name is often applied to totally different vol- 
canoes. Some of these sopka, or volcanoes, have more than ten different 
names. In his catalogue, Novograblonov gives the principal name of 
each volcano and in parentheses, its alternative names. This feature of 
his work makes it of particular value to geographers and cartographers. 

In rendering into English Novograblenov’s catalogue of volcanoes for 
the main part of the descriptive list, I have preserved the original form; 
i. e., leaving untouched the numerical order and the subdivision of the 
voleanoes into zones. I supplied the geographical codrdinates, taken 
mostly from the works of Konradi and Kell, and whenever the precise 
coérdinates were not to be had, I have given the approximate positions 
as shown on the map (Fig. 1). Additional altitudes have been obtained 
from the above-mentioned sources, and where no new data was available, 


from the map of Bogdanovich. 
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In compiling this map, I have taken the outline of the peninsula from 
the new survey by the Russian Hydrographic Expedition of the Pacific. 
The southern part of inland Kamchatka, from Cape Lopatka to the 
parallel of Bolsheretsk village (on the west coast), has been compiled 
from Kell’s map (southern sheet) tied to astronomical and geodetic 
points. Hulten’s map was used whenever it did not conflict with data 
furnished by the Riabushinsky Expedition. The eastern inland part of 
the peninsula, as far north as Cape Ozernoi, was compiled from Kell’s 
map (northern sheet). The remainder of the inland was taken from 
Bogdanovich’s map, adjustment being made in places to such surveys 
as have been carried out. 

My aim has been to compile a map and descriptive list giving in English 
the correct geographical location, altitude, name, and volcanic nature of 
every known volcanic extrusion of Kamchatka. 


GENERAL DESCRIPTION 


Of the nineteen active volcanoes of Kamchatka, eighteen are situated 
in the eastern part of the peninsula, and one is located in the Sredinny 
(middle) Kamchatski Khrebet (ridge), the main longitudinal chain of 
mountains. 

The eastern part of Kamchatka, blanketed with effusive strata, con- 
tains the greatest number of volcanoes, 74 being concentrated in this 
region. There are 37 volcanoes in the Sredinny Kamchatski Khrebet, 
and in the western coastal area we find only 16 old eroded volcanoes and 
andesitic laccoliths. 

The lavas of Kamchatka are represented mostly by andesites (hyper- 
sthenic, augitic, biotitic, and amphybolic) and, more rarely, by liparites, 
dacites, trachytes, and basalts. 

According to Bogdanovich, volcanic eruptions took place in the western 
part of Kamchatka during the Pliocene Period, but in the eastern part, 
such activity began with the Quaternary. 

The volcanoes are strung out in the form of a bow, the continuation 
of a volcanic line which begins in the Kurile Islands, and passes through 
the group of the Komandorskie Islands to the Aleutian Islands. The 
arc of the Kamchatka volcanoes is slightly bent to the west. Its eastern 
side is the most thickly covered with huge volcanic cones, and it is here 
that violent volcanic activity has taken place in the past, and still con- 
tinues. All the volcanoes on the west are characterized by smallness of 
size and weakness of eruptive activity. 

Bogdanovich states that the volcanoes on the eastern side of the penin- 
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sula and in the Sredinny Kamchatski Khrebet are mainly grouped around 
the ancient centers of eruption, the calderas, and flat swellings. These 
centers of eruption show fractures of different lengths, and the outflow 
of lava through them has brought about the various volcanic elevations. 

The eruptions of Mutnovski, Gorely, Avachinski, Zhupanovski, Karym- 
ski, Klyuchevskoi, and Shiveluch volcanoes which have taken place 
within the last decade were of the purely volcanic type as revealed by 
the viscosity of the ejected magma, the abundance of volcanic ashes, and 
the cracked surface of the bombs. Earlier eruptions of the Hawaiian 
type are represented by the lava flows of Tolbachik. Eruptions of the 
Stromboli and the Pelée types are almost unknown in Kamchatka. 

Lava flows, both from active and from now extinct volcanoes, are of 
varying lengths. In form, such flows are of the block-lava type. The 
flows of the greatest extension, composed of basaltic glass, are found in 
the Tobalchick Volcano, where they are eighteen miles long and twelve 
miles wide. Ancient flows from Klyuchevskoi reached the banks of the 
Kamchatka River. 

The quick melting snows on the summits and slopes of active volcanoes, 
carrying down volcanic ash, sand, lapilli, bombs, and block-lava, have 
formed the so-called “dry rivers,” which in certain places are as much as 
28 miles in length. 

DESCRIPTIVE LIST 


The volcanoes in this descriptive list are arranged in geographical 
order by orographical zone. Geographical coérdinates given in minutes, 
have been obtained from geodetic sources ; those set down to a quarter of a 
degree only have been taken from the map. 


VOLCANOES OF THE WESTERN COAST 


1. MASHKOVTSEVA SOPKA 
Lat. 51° N. Long. 156%° E. 
Altitude: 1630 feet. 


Small, slantingly-truncated cone, situated south of the mouth of the Kam- 
balnaya River, near Cape Lopatka. 


2. IEVETS (Yavinski) 
Lat. 514%4° N. Long. 156%4° E. 
Altitude: Over 700 meters. 

Small cone of scoria, situated a mile south of Yavino village near the coast 
of the Sea of Okhotsk. A stream of lava, geologically recent, extends for a 
mile from this volcano, almost reaching the sea coast. This is the latest 
voleanic formation on the west coast of Kamchatka. 


3. MALAYA IPELKA (Kichiva; Yurtochnaya) 
Lat. 52° 15’ 05” N. Long. 156° 43’ 30” E. 
Altitude: 2885 feet. 
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Eroded cone rising in the tundra on the right bank of the Opala River, an 
affluent of the Sea of Okhotsk. 


4, IPELKA 
Lat. 52° 40’ 08.8” N. Long. 156° 54 54.6” E. 
Altitude: 5250 feet. 

Big volcanic caldera encircled by ring-shaped ridge with steep internal slopes 
and rocky external slopes of declivous form, which is the ruins of a great 
voleano, eroded and destroyed. Situated northwest of Opala village, at the 
headwaters of the Ipelka River, southeast of Bolsheretsk village. 


5. MUKHINA SOPKA 


Lat. 581%4° N. Long. 156%,° E. 
Small cone south of the Kikhchik River, which flows into the Sea of Okhotsk. 


6 KECHEVA (Kichua) 


Lat. 5314° N. Long. 153%° E. 

Elongated mountain of ancient volcanic origin, with slightly rounded sum- 
mit, crowned by three small peaks, joined to one of the mountain ridges which 
parallel the Sredinny Kamchatski Khrebet. Situated at the source of the 
Kikhchik River, which flows into the Sea of Okhotsk. 


7. KTUOKHTA 


Lat. 54° N. Long. 15614° E. 
Situated north of the Kol River, which flows into the Sea of Okhotsk. 


8 ASHOVA 
Lat. 541%4° N. Long. 156%4° E. 

Situated to north of Ktuokhta Volcano (7). Cone distinguished by round, 
deep hollows, and a large cave on its slopes. 


9. KOKTANGEN (Konkoch; Konktongen; Koshkholn; Koktunga) 


Lat. 541%4° N. Long. 157° E. 
Old, extinct, coniform volcano, situated on the upper reaches of the Kol River. 


10. YAKAN 
Lat. 55° N. Long. 156%° E, 
Altitude: 2500 feet. 
Dome-ridge, situated near the Krutogorova River, which flows into the Sea 
of Okhotsk. 


11. KKHUCHEN (Tkhleoai, Tkhloayan; Sopochnaya) 
Lat. 56° N. Long. 156° E. 

Truncated cone situated at the mouth of the Sopochnaya River, which flows 
into the Sea of Okhotsk. 

Until the end of the 19th century the Kamchadal people used to throw offer- 
ings into the crater of this volcano to propitiate its spirit. 


12. POAYA (Moroshechnaya) 
Lat. N. Long. 156%4° E. 

Extinct volcano, situated north of the Moroshechnaya River, an affluent of 
the Sea of Okhotsk. Composed of acid eruptive products, such as porous to 
solid, light brownish-yellow porphyrites. 

18. KHLOAEN (Sumkkh) 


Lat. 564%4° N. Long. 157%° E. 
Volcanic ridge near the source of the Belogolovaya River. 
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14, TKOINGEN 


Lat. 563,° N. Long. 156%4° E. 
Situated north of Poaya (12). 


15. ELYUELIK (Ellelikhin; Eleuleken; Elvalek ing “ear”; Elleileken; 
Kpoayan) 

Lat. 57° N. Long. 157° E. 

Altitude: 728 feet. 

A beautiful cone of trachytes and liparites, rising from a mossy tundra mid- 
way between the settlements of Kharyuzovo and Kavran. Tradition among 
the Itelmen, natives of South Kamchatka, tells that in the distant past their 
ancestors escaped from a flood by building a raft on the summit of this cone. 


16. KHAZYLINSKAYA 


Lat. 574%4° N. Long. 158%4° E. 
Volcanic mountain near the Tigil River. 


VOLCANOES OF SREDINNY KAMCHATSKI KHREBET 


17. TABURETKA 


Lat. 53° N. Long. 157%,° E. 

Old, destroyed volcano on the upper course of the Bannaya River. A serrated 
summit encircles the crater which is about 1.5 miles in diameter. The west 
summit is of light volcanic tuff. 


18. SHAPOCHKA 
Lat. 53° N. Long. 15714° E. 

Extinct voleano near Nachiki village, with a large deep crater with small 
crater-lakes of the Komarov type at the bottom; a deep barrancas cuts through 
the northern wall, and the crater water flows down the northern side. Composed 
of tuff and breccia. 


19. VATSKAZHACH 


Lat. 58° N. Long. 158° E. 


. The third extinct volcanic massif with black rocky ridges, near Nachikinskoe 
ake. 


20. KENUZHEN 


Lat. 5414° N. Long. 157%,° E. 
Altitude: 2860 feet. 

Caldera near the western source of the Kamchatka River; a depression of 
regular crater-like form converted into a lake. Upper parts of the caldera are 
composed of rough, porphyritic andesites, often porous, dark-gray, and at times 
almost black with hypersthene. 


21. KHANGAR (Kozhgumk) 


Lat. 55° N. Long. 157%4° E. 
Altitude: 6890 feet. 

The volcanic ruins of Khangar rise from granites and orthogneisses at the 
source of the Kompakova, the Krutogorova, and the Oblukovina rivers. The 
ruins consist of high, sharp, massive ridges, and remains of regular cones ris- 
ing above the wide plateau. South of the ridge lies a small crater-lake from 
which the Kompakova issues. Composition is trachyto-andesitic; lava of 
bulbous, breccia-like, brown-brick pyroxene andesites, with ashes and bombs. 
ge has a base diameter of approximately 6.5 miles, and is 2953 feet in 
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22. ICHINSKI (Belaya Sopka; Khoashen; Uakhlar; Akhlan; Flealin; Khvea- 
yain; Kolkhon; Alyanngel; Kotkhlonga; Sopochnaya; Khfealin; Ichinskaya 
Summit) 


Lat. 56° N. Long. 157%° E. 
Altitude: 12,000 feet. 


Huge, active volcano, in the western part of Sredinny Kamchatski Khrebet, 
west of Sopochnaya. Viewed from the east this volcanic massif presents the 
aspect of a cupola with a slanting summit; from south and north it looks like a 
regular truncated cone. It has two craters; one on top, and a huge one on 
the slope northwest from the principal cone, the latter emitting steam all the 
time. Hanging glaciers descend from the summit. Thawed spots sometimes 
appear on the principal summit, which regularly is covered with snow and 
ice. (According to tradition among the Itelmen, the side showing such thawed 
spots indicates the direction from which an epidemic of some dread disease 
will come.) The thawed spots are due to shifting fields of fumaroles. 

The inner central caldera is rimmed by Ochchama, Nanchan, Cherpuk, and 
other mountains. The western edge of the first caldera is almost unbroken, 
being little exposed to the volcano’s repeated eruptions. The edge of the first 
caldera (Bogdanovich’s “sommas of the volcano”) is, in turn, followed by the 
edge of the second caldera, formed by the Ochshama, the Aolkan and the Kozy- 
revskaya chains of mountains. A small cone of unusually symmetrical form 
rises among the steep, serrated summits of Cherpuk. 

The volcano is composed of characteristic black andesites (amphibolo-augitic, 
biotito-amphibolic, and biotito-augitic). The caldera rims are of augite- 
andesites. There is also a stream of lapilli. 


23. ANAUN (Yangvai; Moroshechnaya) 


Lat. 5614° N. Long. 158%4° E. 
Altitude: 6100 feet. 


Cone of almost regular shape on a plateau drained by the Khariyuzova (or 
Tikhaya), the Tigil, and the Kozyrevskaya-Bystraya rivers, composed of 
hypersthenic-augitic andesite. A large barranco cuts its northwestern slope, 
and a minor barranco extends down the eastern slope. Slag and lapilli are 
found on the summit. At present there is no crater; instead, a caldera of reg- 
ular elliptical shape lies northwest of the cone. The cone itself stands in a 
depression, on the rim of which are situated many smaller, slaggy cones and 
warm lakes. The plateau in proximity to the main cone is obstructed with 
reddish-brown fragments of lava, slag, and lapilli. 


24- BAIDARA 
25. 
Lat. 56%4° N. Long. 158%4° EB. 


Two baidaras* extend parallel to, and eastward from, a chain of mountains 
in the Esso-Anaun valley. 


26- KAIKETEPANA, KETEPANA, TEPANA 
27. 


Lat. 563,° & 57° N. Long. 158%° E. 


Two ridges of volcanic origin, the Kaiketepana and the Ketepana, extend 
along the upper course of the Tigil River, west of the valley. Both ridges are 
also known under the collective name, Tepana. The truncated cone, Van- 
naungei (sulphur mountain), belongs to this group. 


2 The terms, sarai and baidara, used to indicate the shape of the volcanic body, may 
be freely translated as “hut” and “boat.” 
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28. BELY 
Lat. 5634° N. Long. 15914° E. 
Altitude: Over 5400 feet. 

Volcanic ridge standing as a huge snow-capped massif at the source of the 
Tigil River, composed of light gray and dark biotite-augite andesites. Small 
glaciers descend from it; the “tongue” of one of them is a mile long. 


29. ORLOVA SOPKA (Orlinaya) 
Lat.; 57° N. Long. 160%° E. 
Altitude: 3166 feet. 

Mountain with two truncated coniform summits, situated 15.5 miles north 
of Elovka village. 


30. BAIDARA OF THE STOLBOVAYA TUNDRA 


Lat. 57° N. Long. 160%4° E. 
Outstanding, regularly shaped massif, situated west of the Orlova Sopka 
(29), near Sredinny Kamchatski Khrebet. 


31. VOLCANIC PLATEAU OF SEDANKINSKI-ELOVSKI PASS 


Lat. 57%4° N. Long. 160° E. 
Altitude: 2000 to 3000 feet. 

Lava-covered caldera, 25 miles wide. Numerous cones rise above it, some 
well-preserved, others almost destroyed by volcanic activity. Lavas are pre- 
eminently reddish slag. Mountains surrounding this plateau, including six 
extinct volcanoes, reach an altitude of 4100 feet. 


32. LEITUNGEI (Leutongen) 
Lat. 57%4° N. Long. 160° E. 


Extinct volcanic cone on the western edge of the Sedankinski-Elovski 
Plateau, composed of red slag. A great stream of andesitic lava extends ten 
miles west from cone. Other broad streams of lava lie to the northwest. 


33. SEDANKINSKI (Minchventen) 


Lat. 574%4° N. Long. 160° E. 
Altitude: 5250 feet. 

Regular truncated cone with declivities on the slopes, south of Sedankinski 
Lake, in the southwestern part of the Sedankinski-Elovski Plateau. This 
voleano recently ejected a mass of lava which spread over its slopes in a wide 
mantle, forming stony layers of block-lava at its base. 


34. KRASNAYA SOPKA 


Lat. 574%4° N. Long. 160° E. 
Altitude: 3117 feet. 

Small, beautiful slaggy cone closely joined to the eastern side of Sedankin- 
ski (33). The southeast side is a destroyed horseshoe cone of black hyper- 
sthene andesites covered with porous reddish augitic andesite. 


35. SLYUNINA 


Lat. 57%° N. Long. 160° E. 

Badly destroyed cone on the Sedankinski-Elovski Plateau, encircled by a 
serrated ring of black lava of regular form. Lava streams run in all direc- 
tions from the center of the cone, one of andesite extending for many miles 
westward. Another stream, resembling a wide river, extends toward Sedan- 
kinskoe Lake. 
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36. MARGARITOVA (Dvukhglavaya sopka, Dvukhyurtochnaya sopka) 


Lat. 571%4° N. Long. 160° E. 

Slaggy cone east of Slyunina (35), deeply truncated and hollow on top. 
The western part is joined to the outer crater ring of Slyunina (35); lava 
from the latter covers three sides of Margaritova. Some alpine lakes on its 
eastern side are devoid of vegetation. 


37. ERMANA 
Lat. 5714° N. Long. 160° E. 
Altitude: 4100 feet. 

Old, slaggy cone on the same plateau, four miles north of Slyunina (35) and 
Margaritova (36). Deepiy truncated summit has a bow-shaped cavity; east- 
ern slope is convex; southern and western sides are steep. 


38. KRUGLAYA SOPKA 


Lat. 571%4° N. Long. 159° E. 
Southwest of Sedanka village. 


39. PIROZHNIKOVA VOLCANIC MASSIF 


Lat. 571%4° N. Long. 160° E. 
Voleanic massif of flat conical shape with destroyed crater, along the upper 
reaches of the Pirozhnikova River, north of Sedanka. 


40. SHISHEL (Shishel, Sissel) 
Lat. 57144° N. Long. 160%4° E. 

Volcanic massif north of Sedankinski-Elovski Pass. Its wild ridges repre- 
sent the remnants of a huge caldera open to the east. Two towers of re- 
markable shape, like fingers uplifted to heaven, rise gloomily above its snow- 
covered crest. 


41. AINELKAN 


Lat. 573,° N. Long. 161° E. 
Altitude: 6560 feet. 

Huge ruined volcano, remarkable for its gigantic streams of lava, in the 
watershed of the Ozernaya and the Vayam-Palka rivers. This volcanic group 
consists of three irregular pyramidal mountains, joined at the base, and sit- 
uated in a depression 5030 feet above sea level. Along the rim of the caldera, 
and interspersed between the mountains, are lesser ridges. The eastern side 
of the caldera is closed, but the western part is dissected by gorges of the 
Vayam-Palka River. Lava streams cover the bottom of the caldera, and other 
lava streams extend toward the Ozernaya River. It is composed principally 
of solid gray andesites. At 2090 feet altitude a small crater-lake occupies an 
elliptical depression, and warm springs occur near lava streams. Other warm 
springs are situated at the source of the Amanina River at the foot of the 
voleano. Crest of cupola has a double caldera. A stream of black augitic-an- 
desitic lava descends westward from the principal caldera to an altitude of 
4495 feet. 


42. ALNGEI (Alngoi) 
Lat. 58° N. Long. 161%4° E. 

Group of mountains forming a caldera, resembling that of Ainelkan (41), 
west of the source of the Uka River. 


43. MELPE 
Lat. 5814° N. Long. 160%4° E. 
On the uppermost stretch of the Kokhtana River. 
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44, TILELE (Tylele) 
Lat. 5814° N. Long. 16114° E. 

Complex massif covered with snow and glaciers in watershed of the Kokh- 
tana and the Rusakova rivers. A black “tower” is poised on one summit 
and hot springs issue from the eastern slope. 


45. PIRVOLEN 
Lat. 591%4° N. Long. 16014° E. 
Altitude: 2460 feet. 

Truncated cone rising from the wide, round elevation to the right of the 
middle reaches of the Palana River, composed of solid andesitic lava. 


46. MASSA 
Lat. 5914° N. Long. 161° E. 

Voleanic massif on the northern bank of Palanskoe Lake. Streams of 
trachytic-andesitic lava across the valley of the Palana River have dammed 
the river and formed Palanskoe Lake. 


47. BAIDARA OF THE KINKIL RIVER 
Lat. 591%4° N. Long. 160%,° B. 

Near the sources of the Kinkil River. Belongs to the basaltic laccoliths of 
the western volcanic belt. 
48. OLD VOLCANOES ON THE PANKARA RIVER 
Lat. 58%,° N. Long. 16114° E. 

Volcanoes have preserved their eruptive cones with crater funnels and 
streams of black bulbous lava. An obsidian cone and several warm springs 
are present. 


49. ANANGRAVNEN 
Lat. 5914° N. Long. 162° E. 
Altitude: 5580 feet. 

Huge truncated cone rising between the two sources of the Karaga River. 
Two craters are still well preserved, the lavas made up of slags and andesites 
with lapilli and ash. There are two glaciers, on the eastern and the western 
side. Stone Age implements and traces of sacrifices are found at the entrance 
to the central crater. 

Anangravnen means “God’s Home” in the Koryan tongue. 


50. AULPAL 
Lat. 591%4° N. Long. 1621%4° E, 
Altitude: 3927 feet. 
Extinct volcano with double summit and belt of dikes at top, on the upper 
course of the Karaga River, close to Kulina (51). 


51, KULINA SOPKA 
Lat. 591%4° N. Long. 162%° E. 

Small black cone on the Karaga River, standing somewhat apart from the 
chain of mountains of the Karaga valley. 


52, KIKHIIKHYLKHANGEI (Makara Mountain) 
Lat. 591%4° N. Long. 162%4° E. 

Cone with sharp ridge, situated fifteen miles northwest of Karaga village. 
Tradition relates that in the long distant past this mountain ejected flame 
and smoke, and some years ago great rocks rolled down its slopes with a 
terrible roar. 
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63. LESNOVSKIE and VIRUVEISKIE 


Lat. 5914° N. Long. 162° E. 
Groups of slaggy cones and destroyed volcanic eruptives, at the sources of 
the Lesnaya and the Viruveya rivers. 
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54. KAMBALNAYA SOPKA 


Lat. 51°18’ N. Long. 156° 52’ E. 
Altitude: 7023 feet. 

Destroyed volcanic cone with trough-shaped summit and a hanging glacier. 
This is the first cone on the southern extremity of Kamchatka. 


55. KOSHELEVA (Chaokhch) 


Lat. 51° 21’ N. Long. 156° 45’ E. 
Altitude: 6233 feet. 

Large, coniform massif northwest of Kambalnaya Sopka (54). Lower 
northern part is in the form of a caldera. Fresh streams of lava, two big 
fumaroles, and hot springs close to the voleano show that it is active. The 
last great eruption took place near the end of the 17th century. 


56. KARAKULI (Diki Greben) 


Lat. 5114%4° N. Long. 157° E. 
Altitude: 4921 feet. 

Volcano of the Standon type on the western side of Kurilskoe Lake, char- 
acterized by massive outflows of blocky andesitic lava, with several radial 
branches. Near the lake, the volcano has been destroyed by a series of land- 
slides, two lakes, each half a mile long, having formed. 


57. KURILSKOE LAKE 


Lat.; 5114%4° N. Long. 157° E. 
Altitude: 500 feet. 

Tectonic depression of caldera type, filled with water. The lake is seven 
miles long, and soundings record maximum depth of 1000 feet. Three andesi- 
tic islands rise from its bottom as peaks. The close relationship between 
the formation of a caldera and the revival of volcanic activity along its mar- 
gin is perfectly demonstrated. 


58. ILINA (Vine, Ilinskaya, Ozernaya) 


Lat. 51° 30’ N. Long. 157° 12’ E. 
Altitude: 5146 feet. 

Composite cone with alternating layers of slag, sand, and lava, located on 
the northeast coast of Kurilskoe Lake. Two large lava streams descend the 
northern slope. Ancient lake terraces are visible in this volcano, as in the 
Karakuli. A funnel, 2000 feet in diameter, produced by an outburst in 1901, 
is visible on southeastern slope; volcanic fragments from that outburst cover 
a large area, reaching almost to the sea coast. Proof that the volcano is still 
active is afforded by fresh outbursts, warm currents of warm water in the 
lake at its foot, and a long crack on its slope with fissures that constantly 
steam. 


59. ZHELTOVSKI (Utashut) 
Lat. 51° 34’ N. Long. 157° 19’ E. 
Altitude: 6400 feet. 

Big cone with a “somma” on its western side, northeast from Ilina (58). 
After a century of repose, a great eruption took place February 11, 1923, which 
lasted nearly two months, the volcano ejecting hot gases, sand, and ashes. 
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60. KSUDACH 
Lat. 513%,° N. Long. 157° E. 

Small, truncated cone with crater on top, on the left bank of the southern 
headwater river which forms the Golygina River. 


61. RYABUSHINSKOGO CONE 


Lat. 51%° N. Long. 157%4° E. 
Altitude: 2845 feet. 
On the upper course of the Zheltaya River, north of Zheltovski (59). 


62, BELENKAYA SOPKA (Sakhach) 
Lat. 51° 45’ N. Long. 157° 16’ E. 
Altitude: 2902 feet. 
Small volcanic cone of regular form, at the source of the Golygina River, 
southwest of Shtyubelya (63). 


63. SHTYUBELYA (Vonyuchi Khrebet) (Ksudach, according to Hultén) 


Lat. 51° 48’ N. Long. 157° 31’ E. 
Altitude: 2946 feet. 

Large cup-shaped caldera, four miles in diameter, at the head of the south- 
ern source of the Khadutka River. A lake of crescentic shape fills the south- 
eastern part, with a cliff in the middle. Between the cliff and the northern 
part of the caldera lies a new crater with a crater-lake. In the eruption of 
1907, the bottom of the caldera exploded, propelling volcanic sand and ashes 
into the air with such force that all Kamchatka was covered with them. It is 
estimated that more than 4,000,000,000 cubic yards of friable material were 
erupted. The volcanic dust thrown into the upper atmosphere produced 
phenomena observed in western Europe such as increase in heat lightning, 
apparition of the “secondary purple light,” bishop’s ring, displacement of 
the neutral points, Arago and Babine, in the sky, dimming of the sun’s bright- 
ness, and the appearance of blazing night clouds. 

At the present time, the new cone (825 feet in height) inside the caldera is 
steaming, and the crater lake is filled with warm water. Hot springs occur 


on the eastern slope. 


64. KHADUTKA (Golyginski, Khoiokhongen) 


Lat. 52° 04’ N. Long. 157° 42’ E. 
Altitude: 6800 feet. 

Regular cone, twelve miles north of Shtyubelya (63), with deep barrancos 
in northern slope. The cone occupies an eccentric position in the rim of a 
caldera four and a half miles in diameter. 


65. PRIEMYSH 
Lat. 52° 05’ N. Long. 157° 41’ E. 
Altitude: 3928 feet. 

Termed “an adopted child of the Khadutka,” this cone is situated on the 
northwestern slope of Khadutka (64), and came into existence during the 
secondary phase of the latter’s active life. The activity of both volcanoes has 
ceased, but the lava streams are still fresh. A small lake with boiling springs 
lies at the foot of the volcano. Termy, Priemysh, and Khadutka (64), lie 
exactly in line, along a transversal fissure; an eroded mountain of the caldera 
type stands at the end of this line. 


66. PIRATKOVSKI PEAK 
Lat. 52°07’ N. Long. 157° 50’ E. 
Altitude: 3938 feet. 
Situated along the fissure north of the transverse fissure referred to in 
description of Priemysh (65). 
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67. PREDPOLAGAEMY 
Lat. 52° 09’ N. Long. 157° 41’ E. 
1 Altitude: 2,320 feet. 

Cone, north of Khadutka (64). 


68. SEVANSKIE CONES 
Lat. 52%4° N. Long. 15714° E. 

A great number of small volcanoes composed of reddish-brown lava, form- 
ing a ring near the source of the Sevan River. 


69. TOPIK 


Lat. 521%4° N. Long. 15714° E. 
Altitude: 1,900 feet. 

Westernmost member of the Sevanskie group (68), rising 1415 feet above 
the surrounding land, with its summit of red lava, and its cone of olivine basalt. 


70. TUPOI (Tupaya Summit) 
Lat. 52° 22’ N. Long. 157° 36’ E. 
Altitude: 2863 feet. 
Northernmost of the Sevanskie group (68). 


71. ASACHA 
Lat. 52° 21’ N. Long. 157° 49’ E. 
Altitude: 6253 feet. 

A big cone north of the Khadutka (64) eroded into four summits, the outer 
slopes of which are filled with declivities, the inner slopes being steep and 
rocky. 


72, MUTNOI RIVER CONE 


Lat. 52%4° N. Long. 158° E. 
Altitude: 4020 feet. 
Located north of Khadutka (64) at the source of the Mutnaya River. 


73. MUTNOVSKI (Mutnaya Sopka; Povorotnaya Asacha) 


Lat. 52° 27’ N. Long. 158° 11’ E. 
Altitude: 7618 feet. 

Active volcano of caldera type, six miles from the coast. In the western 
part, at 6,255 feet altitude, there is a caldera, about two miles in diameter, 
occupied by a large glacier. Near the rim of this caldera is a warm lake about 
1000 feet in diameter. In its northwestern part is a steaming, funnel-shaped 
crater. 

A violent eruption took place in 1848; in 1851-1854 several eruptions of con- 
siderable strength shook it; and in 1898 flames were once more in evidence in 
the crater. The last great eruption took place in January and February, 1927. 


74. GORELY (Gorely Khrebet; Pravaya Mutnovskaya Sopka) 


Lat. 52° 33’ N. Long. 158° 2’ E. 
Altitude: 6000 feet. 

Active volcano with precipitous sides and with three craters lying in a row 
inside the summit caldera. Northwest of Mutnovski (73), and occupying the 
same base as the latter at an altitude of 3280 feet. Characterized by abun- 
dance of lava streams which issue from it in all directions, one extending for 
ten miles to the southwest. After an interval of sixty years, Gorely erupted 
in September, 1929, and burst into violent activity again in 1930 and in 1931. 
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75. VOPRCSITELNY (Voprositelnaya Summit; Ostraya) 


Lat. 53° 07'01.8” N. Long. 158° 11’ 15.1” E. 
Altitude: 3937 feet. 
Cone situated between Gorely (74) and the Opala volcanoes (77). 


76. OPALSKIE CONES 
Lat. 521%4° N. Long. 15714° E. 
Altitude: 2851 feet. 
These cones extend from Asacha (71) to the Opala volcanoes (77); one 
cone on the right bank of the Opala River, reaching the altitude given above. 


77. OPALA (Opalskaya Sopka; Apachinskaya; Opalnaya; Opalinskaya; Koshe- 
leva Peak, according to Kruzenstern) 


Lat. 52° 32’ N. Long. 157° 20’ E. 
Altitude: 8104 feet. 

Beautiful cone west of the principal eastern chain of volcanoes, standing 
eccentrically on the rim of a large caldera with well-developed barrancos. 
Lava protruding from a lateral crater is of different texture from main body 
of voleano. On the south it is joined by a ridge called the “Dyrovaty Kamen” 
(a stone full of holes, useredis), which solidified as block-lava. Ditches 
and caves abound; in 1894 three emitted steam and gases. Local trappers 
testify that at the foot of the volcano there is a cavity which steams con- 
stantly and smells of sulphur. It was active during the 18th century. 


78. TOLMACHEVSKIE CONES 
Lat. 521%4° N. Long. 157%4° E. 
Altitude: 6560 feet. 

This row of sixteen symmetrical cones extends eastward from Opala (77) 
to the source of the Tolmacheva River. Some have craters in their summits; 
e. g., Tyushova Cone. Many have discharged streams of lava of olivine basalt. 


79. VILYUCHINSKI (Vilyuchik) 
Lat. 52° 42’ N. Long. 158° 16’ E. 
Altitude: 7135 feet. 

Beautiful cone of regular form making a “knot” at the junction of two moun- 
tain ridges, the summit sloping westward, with rib-like stony ledges. A 
stream of lava descends the southwestern slope. The base is of augist ande- 
sites. Granite occurs west of the volcano. 


80. TARIYA (Tarinskaya Bay) 
Lat. 5234° N. Long. 158%4° E. 

Maritime caldera on Avachinskaya Bay. The funnel of the volcano, in 
the form of a diatrema or neck, is located in the caldera in a lava island. An 
eruptive center is indicated by the complexity of the geological formation, the 
development of breccia, and the petrographic variety of lava products. It is 
probable that this center has had many powerful effusions in the past. 


81. KOZELSKI (Kozel) 
Lat. 58°13’ N. Long. 158° 53’ E. 
Altitude: 7172 feet. 
Destroyed cone joined laterally to Avachinski (82). Formerly considered 
part of the “somma” of Avachinski. 
82. AVACHINSKI (Avacha) 
Lat. 53° 15’ N. Long. 158° 49’ E. 
Altitude: 8960 feet. 


Active volcano of Vesuvian type, nineteen miles northeast of Petropavlovsk. 
The active cone is surrounded by a somma, broken in four points by the “dry 
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rivers.” Inside the somma are small glaciers. This volcano erupted in 1737, 
1777, 1827, 1828, and 1829, and since then seven times, separated by dormant 
periods of 23, 23, 3, 13, 7, 8 and 17 years respectively. The last observed 
eruption was in 1926, when hypersthene andesites and ashes were ejected. 
One of the most thoroughly explored volcanoes of Kamchatka. 


83. KORYATSKI (Koryaka; Koryatskaya Sopka; Strelochnaya) 
Lat. 53°19 N. Long. 158° 42’ E. 
Altitude: 11,346 feet. 

Active volcano northwest and abreast of Avachinski (82), 22 miles from 
Petropavlovsk. Has a regular cone, with stony ridges, rising directly from 
a flat plain. Many streams of lava and lapilli are present. There is a crater 
on the western slope of the slantingly truncated summit, from which two 
glaciers descend to the northeast. Parasitic cones on the southern and the 


western slopes. 
The last eruption took place in 1896. In 1931 the volcano emitted white 


steam in thin jets from the bottom and sides of the crater. 


84. AAK (Sredni Mys) 
Lat. 5314° N. Long. 15814° E. 

Volcano in the form of a small cone, appended to the north side of Koryat- 
ski (83). 


85. ARIK (Bolshoi Sredni Mys) 
Lat. 5314° N. Long. 158%4° E. 
Altitude: 5905 feet. 

Old volcano closely resembling Koryatski (83) when observed from the 
Olkhovy ridge, and separated from it by the Aak River, with a crater on its 
snow-capped summit. 


86. TARBEEVSKI 
Lat. 5381%4° N. Long. 159° E. 
Altitude: 2623 feet. 
Cone at the junction of the arcs of Zhupanovski (89) and Kozelski (81), 
with lavas of andesitic composition. 


87. IGOREVSKI 
Lat. 5314%4° N. Long. 159° E. 
Altitude: 4920 feet. 

Old, coniform volcano with a rocky-walled crater, standing on the same arc 
as Zhupanovski (89). Local trappers state this volcano erupted during the 
great earthquake of February, 1923. 


88 YURIEVSKI 
Lat. 531%4° N. Long. 159° E. 
Altitude: 3937 feet. 

Extinct, coniform volcano with well-preserved crater, close to the Zhupa- 
novski (89) massif, to which it is linked by a saddle-shaped ridge which is 
always snow-filled. Both Igorevski (87) and Yurievski are known among local 
trappers under the common name of Zenzur Ridge. 


89. ZHUPANOVSKI 
Lat. 53° 35’ N. Long. 159° 08’ BE. 
Altitude: 9617 feet. 


Active volcano northeast of Koryatski (83) with elongated, low-truncated 
cone, with three summits and two ridges with a cone between them, the latter 
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emitting gases. Summit composed of lapilli and slag, gypsum and sulphur. 
Two glaciers descend from the summit. 
Last eruption took place in 1925. 


90. BAKKENIN (Bakkening; Benniken; Sopka Kamchatskoi Vershiny) 
Lat. 53° 37’ N. Long. 158° 08’ E. 
Altitude : 5905 feet. 

Low-truncated cone visible along the upper courses of the Kamchatka, the 
Bystraya, and the Avacha rivers, standing on rim of a caldera, the bottom of 
which is occupied by lakes of Ditmar’s type and by a lake which is the source 
of the Bystraya River. Streams of lava and lapilli are also present. 


91. SARAI 
Lat. 5831%4° N. Long. 15814° E. 

High voleanic plateau along the middle course of the Avacha River, due to 
effusion of lava along a short fissure. (The name Sarai means “hut’’.) 


92. VEER (Utesiki u Sukhogo Topolnika) 
Lat. 531%4° N. Long. 1581%4° E. 

On the bank of the Levaya Avacha River. In 1856 a stream of lava spread 
fan-wise from an eruptive center in Korenevski Ridge. Low mounds formed 
as andesitic glass congealed, and hollows were left by the explosion. 


93. CRATER (at source of Levaya Avacha River) 
Lat. 58%° N. Long. 158%4° E. 

Distintegrated cone with a lake inside. Inner walls of the crater are steep 
and composed of red slag; a high ridge encircles the lake. The Avacha River 
rises in this lake. 


94. OBLAST KONUSOV (Region of the Cones) 
Lat. 58%,° N. Long. 158%° E. 

Cones of slag and lapilli of brick-red color, on the upper reaches of the 
Gavanka River in a pass between the valleys of the Levaya Avacha and the 
Zhupanova. 


95. RAZVALENNY 
Lat. 58%° N. Long. 159%4° E. 
Altitude: 5513 feet. 

Wild-looking volcanic massif with denuded summits, on the banks of the 
Zhupanova River, opposite Zhupanovski (89), with crater open to the north- 
west and filled with ferns. 


96. DITMARA 
Lat. 533%4° N. Long. 159%° E. 


Old volcanic cone composed of slag, situated on the same plateau as Raz- 
valenny (95), the northern convex part of lava distorts the shape of the cone. 


97. KARYMSKI (Berezovskaya) 


Lat. 54° N. Long. 159%4° E. 
Altitude: 4833 feet. 

Violently active voleano with a low black cinder cone. Stands out strik- 
ingly on the snow-covered Semyachinski volcanic plateau. It is in a huge 
caldera, the eastern rim cut by the Karymskaya River. Crater on the summit 
emits huge clouds of gases, and powerful fumaroles are active on the northern 
slope. This volcano erupted in 1908, January 1912, 1915, September 1921, 
February 1923, and July 1925. 
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98 BEREZOVSKI 
Lat. 54° N. Long. 159%° E. 
Altitude: 4921 feet. / 

Extinct volcano northeast of Karymski (97), surpassing the latter in height. 
The ridge-like southern part is deeply eroded. The Berezovaya River rises 
in the eastern foothills of this volcano. 


99. MALY SEMYACHIK 
Lat. 54° N. Long. 159%° E. 

Extinct volcano standing on a common base with the Berezovski (98) and 
not far from the latter, with the form of a blunt peak. The southern source 
of the Semyachik (or Novaya) River is on the northern slope. 


100. BOLSHOI SEMYACHIK 
Lat. 54°17’ N. Long. 160° 0’ E. 
Altitude: 5643 feet. 

Huge eroded cone of complex shape situated at the point where the Semya- 
chinskoe Plateau becomes the Kronotskoe Plateau. A solfatara lies on the 
gorge of the southeastern cone; some fumaroles are situated on the south- 
western slope, and 1.2 and 3.1 miles from the latter are several geysers. Sur- 
rounding area is covered with snow-white geyserite, and a thick colored liquid 
boils in the circular depressions. 


101. KIKHPINICH 
Lat. 541%4° N. Long. 160%4° E. 
Altitude: 5710 feet. 

Big, active, although partially destroyed, volcanic massif, with steam con- 
stantly issuing from active Savicha cone, 5579 feet high. Belongs to the big 
family of volcanoes of Kronotskoe Lake. In a deep-cut gorge on northwestern 
slope are a powerful fumarole and hot springs. 


102. UZON (Goryashchi Dol, meaning Burning Dell) 
Lat. 541%4° N. Long. 160° E. 
Altitude: 5052 feet. 

A circular crater, about four and a half miles in diameter, situated south of 
Kronotskoe Lake, and encircled by low mountains. Contains warm lake a 
mile long, another lake 0.6 mile long, and a small, hot lake, twenty yards in 
diameter, with permanent and shifting fumaroles, mud-volcanoes, and hot 
springs. 

103. TAUNSHITS 
Lat. 541%4° N. Long. 159%4° E. 
Altitude: 7382 feet. 

Extinct cone west of the Uzon “burning dell” (102), encircled by a “somma.” 
Summit has the form of a toothed ridge. Barrancos and lava streams ex- 
tend to the somma and cone. A solfatara is nearby. 


104, UNANA 
Lat. 541%4° N. Long. 159%° E. 
Altitude: 6628 feet. 
Very blunt cone, encircled by a somma, at same elevation as Taunshi 
but north of latter and separated from it. Hot springs rise at the fee _ 


105. KRASHENINNIKOVA 
Lat. 54144° N. Long. 1601%4° E. 
Altitude: 6217 feet. 

Extinct volcano south of Kronotskoe Lake, consisting of - 
cated cone, with a large crater, two miles in diameter. 7 iaihiiniiatitas 
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106. KRONOTSKI 
Lat. 54%° N. Long. 160%4° E. 
Altitude: 12,236 feet. 

Cone of remarkably regular shape, east of Kronotskoe Lake. Crater on 
the summit is completely filled with lava solidified in huge blocks. Long con- 
sidered extinct, but according to testimony of local trappers, black smoke 
issued from its southern slope, not far from its summit, in November 1922. 
During the earthquake of 1923, according to the same informants, volcano 
“hummed” and belched forth flames. 


107, SHMIDTA 
Lat. 55° N. Long. 16014° E. 
Altitude: 6233 feet. 
Huge destroyed massif northeast of Kronotskoe Lake, consisting of volcanic 
rocks in fragments, its summit crowned by a serrated ridge and sharp rocks. 


108. GAMCHEN 
Lat. 55° N. Long. 160%° E. 
Altitude: 8533 feet. 


High, slightly blunt cone with a low ridge extending from it. Situated north 
of Shmidta (107). Its southern summit is bifurcated, forming twin peaks. 


109. KONRADI 
Lat. 55° N. Long. 160%4° E. 
Altitude: 6562 feet. 
Destroyed volcano situated northwest of Gamchen (108), consisting of two 
cones; one with sharp summit, the other low-truncated. 


110. POPUTNY (Poputnaya Sopka) 
Lat. 55° N. Long. 160° E. 


Broad, destroyed volcanic massif north of Kronotskoe Lake, with a serrated 
ridge and a sharp-pointed rock visible at the summit. 


111. KRONOTSKOE LAKE 


Lat. 54%° N. Long. 160° E. 
Altitude: 1000 feet. 

Water-filled caldera of triangular outline, with eleven islets. Its greatest 
length from northeast to southwest is 17% miles. The following volcanoes 
surround the lake: Krasheninnikova (105), Kikhpinich (101), Uzon (102), 
Taunshits (103), Unana (104), Poputny (110), Konradi (109), Gamchen 
(108), Shmidta (107), Kronotski (106), Kizimen (112), and Semyachik 
(100). 

112, KIZIMEN (Shchapinski) 
Lat. 55%° N. Long. 160° E. 
Altitude: 9187 feet. 
Active volcano north of Kronotskoe Lake (111). Its snow-capped cone is 


ploughed by barrancos. A huge fumarole is situated far below the summit 
on the northwest slope, and hot springs issue from the western side, 


113. TYMRAK 
Lat. 55%° N. Long. 160%° E. 

Huge, eroded extinct conical volcano with a deep hollow on top and with 
steep slopes in the watershed of Shepinskaya, Avgustovskaya, and Tolmachik 


stig The glacier valley of the Avgustovskaya extends along its southeast- 
ern side. 
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114, KUNCHOKLA (Kinchokla; Kuntsokla) 
Lat. 554%4° N. Long. 159%° B. 

Huge, ancient destroyed volcano situated to the east of the Kamchatka 
River, between Shchapino and Tolbachik villages. The two Nikolka rivers, 
which never freeze, rise from this volcano. 


115. SHISH 
Lat. 55%° N. Long. 161° E. 
Altitude: 7963 feet. 
Small, sharp, rocky cone on top of the Kumroch ridge. South American 
type of volcano, with caldera on the ridge, at a height of 4863 feet. 


VOLCANIC GROUP OF THE KLYUCHEVSKI DELL 


Klyuchevski Dell has the shape of an elongated oval, open to the west. 
The average elevation is 4900 feet. Along the edge of the valley, nine 
volcanoes are situated, two of them, Klyuchevskoi and Tolbachik, being 
active. A number of glaciers extend along the dell and issue from its 
volcanoes. 


116. MALAYA UDINA 
Lat. 55%° N. Long. 160%4° E. 
Altitude: 6562 feet. 
Black cone of regular shape with well-developed barrancos and a serrated 
sharp-pointed summit. 


117. BOLSHAYA UDINA 
Lat. 55%° N. Long. 160%4° E. 
Altitude: 6566 feet. 

Big cone of regular form with many barrancos. 


118. TOLBACHIK (Bolshaya Tolbachinskaya Sopka) 
Lat. 55%° N. Long. 160%° E. 
Altitude: 12,236 feet. 

Huge, active volcano with crater inside its destroyed summit. Its main 
characteristics are abundant flow of lava and parasitic craters on its northern, 
northeastern, and southern slopes, all from six to ten wiles from principal 
crater. Has been active five or six times since 1727. 


119. ZIMINA 
Lat. 55°51’ N. Long. 160° 31’ EB. 
Altitude: 10,230 feet. 

Big, broad volcano with a double-cusped, ice-covered summit. Zhelty (Yel- 
low) Glacier descends northward from its western summit. Eastern slope 
has parasitic craters, the last of which is known as Povorotnaya Sopochka. 
120. BEZYMYANNAYA SOPKA 
Lat. 56° N. Long. 16014° E. 

Altitude: 10,339 feet. 
Inactive cone with parasitic craters and lava streams, close to Kamen (121). 


121, KAMEN 
Lat. 56° 0’ N. Long. 160° 29’ B. 
Altitude: 15,150 feet. 
Strata-volcano, in the form of a sharp pointed pyramid when viewed from 
north, and a wild, rocky, truncated cone when seen from the east. Closely 


on 
on- 
Ike 
22, 
ino 
nic 
| 
st 
hy : 
n 
| 
, 


548 N. KRIJANOVSKY—VOLCANOES OF KAMCHATKA 


joined to Klyuchevskoi (122) on the north. A stream of lava has solidified 
on top, its lower end hanging over the western slope. 


122. KLYUCHEVSKOI (Kamchatskaya; Klyuchevskaya Sopka) 


Lat. 56° 3’ N. Long. 160° 32’ E. 
Altitude: 15,950 feet. 

One of the greatest volcanic cones of the world, still violently active, of 
wonderfully regular cinder cone shape. 

According to tradition, a terrific eruption took place before the Russian 
colonization of the peninsula (1696), when lava reached the banks of the Kam- 
chatka River, near Klyuchi village. Further violent eruptions: 1727 to 1731 
continuously, then 1737, 1789, 1790, 1796, 1829, 1841, 1851, 1852, 1853, 1854, 
1896, 1897, 1908, 1915, 1925, 1929. In the last recorded eruption, March 1931, 
it ejected an estimated volume of 120,000,000 cubic yards of ashes over an 
area of 4600 square miles. 

In February 1932, one of the northern parasitic cones, situated eleven miles 
from Klyuchi, erupted violently, ejecting ashes and bombs 3000 feet upward. 
After the eruption it was found that the cone had reached a height of 820 feet. 


123. SREDNI (Srednyaya) 
Lat. 56° N. Long. 16014° E. 
Altitude: 9910 feet. 
Small cone in a depression between Klyuchevskoi (122) and Ploski (124). 


124. PLOSKI (Blizhnyaya Ploskaya Sopka; Dalnyaya Ploskaya Sopka; Kres- 
tovskaya; Ushkinskaya; Bolshaya Ploskaya; Malaya Ploskaya) 


Lat. 56° N. Long. 1601%4° E. 
Altitude: 13,221 feet. 

Huge volcanic massif with a broad flat bifurcated summit. The latter has 
been the cause of this volcano being given so many names. The inhabitants 
of the villages of Kozyrevka call it “Gora,” or mountain. Several glaciers 
descend from its summit, and many parasitic cones stand on its slopes. 


THREE VOLCANOES NORTH OF KLYUCHEVSKI DELL 


125. TYUSHOVA CRATER (Zarechny; Domashni Khrebet) 


Lat. 564%4° N. Long. 160%° E. 
Altitude: 2362 feet. 

Destroyed crater open to the east on the left bank of the Kamchatka River 
opposite Klyuchi. 


126. KHARCHINSKI 
Lat. 5614%4° N. Long. 160%° E. 
Altitude: 4727 feet. 

Old volcano with a deep crater, situated close to Tyushova (125), composed 
of andesites with slag and lapilli at the summit. A black peak in its summit 
is known as the Maska Kharchina—a legendary hero of the Itelmen. 


127. SHIVELUCH (Shivelyuch) 


Lat. 56°39’ N. Long. 161° 18’ E. 
Altitude: 10,820 feet. 


Northernmost active volcano of Kamchatka. Its northern part, the massif 
together with the principal summit, represents the remaining part of a great 
volcano; the southern part is depressed. Eruptions in 1854 and 1897 simul- 
prom — gegen (122) indicate that there exists a connection be- 
ween the two. It last erupted in 1928. Six glaciers an 
course down its sides. 
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INTRODUCTION 


Since the time of Major Powell’s thrilling exploration of the Grand 
Canyon, the history of the Colorado River has been the subject of many 
papers by American geologists. Out of them has grown a general inter- 
pretation that is now widely accepted. Differences of opinion relate 
chiefly to the details of the story rather than to the major ideas. 

While studying the valley of the Colorado River and its tributaries, 
between the mouth of the Grand Canyon and the Mexican border, I 
have been led to the conclusion that two current opinions about the history 
of the river are untenable. One relates to only a part of the river’s 
course; the other concerns the river system as a whole. The lesser of 
these problems will be examined first. 


ORIGIN OF DETRITAL AND SACRAMENTO VALLEYS 


In his reconnaissance of the Colorado River valley, Lee* found a 
long trough in northwest Arizona, which he concluded had formerly been 
excavated by the river. This is known as Detrital and Sacramento valleys. 
He supposed that volcanic outflows near the southern end of the trough 


* Manuscript received by the Secretary of the Society, July 11, 1933. 

1W. T. Lee: Geology of lower Colorado River, Bull. Geol. Soc. Am., vol. 17 (1906) p. 
275-284 ; Geological reconnaissance of a part of western Arizona, U. S. Geol. Surv., Bull. 
852 (1908) p. 56-57. 
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The delta is shown 


by the stippled pattern. 


Chuckwella 


Figure 1.—Sketch map of the lower course of the Colorado River 


Showing relation of the river to mountain ranges and desert basins. 
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had obstructed the river, causing it to aggrade the trough with thick 
gravel deposits. Later the stream was shifted, for reasons not stated 
by Lee, to a new course farther west—the one it now occupies near Las 
Vegas, Nevada, south to the vicinity of Needles, California. 

Opposed to this opinion is the fact that the present surface of the 
trough, at least in its northern part, is underlain by gently folded Plio- 
cene beds of sand, fine gravel, and gypsum with rock salt—strata which 
differ markedly from the sedimentary deposits of the Colorado River. 


Plocene 5 


virgen Liver 


Yorizonta/l scafe- / mile 
vertical scole- 42 mile 


Figure 2.—Cross-section of the Virgin River valley (after Longwell) 


(See page 557.) As shown by Longwell,’ this formation is a typical desert 
basin deposit, extending broadly across the river and far to the north. 
It has been gently folded and faulted, then planed off to graded sur- 
faces, and these plains have been covered with a thin coat of gravel 
washed out from the mountain ravines. Tributaries of the river have 
recently trenched these plains deeply and exposed the underlying structure. 

These facts prove that the Colorado River did not deposit the sedi- 
ments which now underlie Detrital and Sacramento valleys. I know 
of no direct evidence to indicate that the Colorado River played any part 
in excavating the trough, nor, indeed, that the latter is not a diastrophic, 
rather than an erosional, depression. The question of its origin has never 
been adequately studied and must therefore remain open for the present. 


AGE OF THE RIVER 


The broad expanse of late Miocene and Pliocene deposits in southern 
Nevada and northwestern Arizona consists of typical desert basin sedi- 
ments including unusual thicknesses of salt (halite) and gypsum. Their 
presence seems incompatible with the opinion that during the same geo- 
logic epochs a large river flowed through the district. Nor is there ap- 
parently any evidence that it ever had a different course. From the 


2C. R. Longwell: Geology of the Muddy Mountains, Nevada, U. S. Geol. Surv., Bull. 
798 (1928) p. 95-96, 149. 
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Grand Canyon to Yuma, and for hundreds of miles east and west, the 
only deposits of late Tertiary age that have come to my attention are 
those laid down in desert basins rather than upon the flood plains of 
long rivers. The two types of deposits are as distinctive as those of an 
ocean beach or a glacial lake. 

These two considerations raise the more general question: Did the 
Colorado River exist anywhere in Pliocene time? If not, how and when 
may it have come upon the scene? 

The Colorado River is in many ways an anomalous stream, but per- 
haps in no respect more so than in the course which it pursues. Ris- 
ing in the high mountains of Wyoming and Colorado, it traverses a series 
of wide basins, each of which seems to be an entity almost unrelated to 
the others. It cuts through the Uinta Mountains and the Colorado Plateau 
in deep canyons and repeats the act on a smaller scale several times 
between the mouth of the Grand Canyon and the Gulf of California. 
It runs nearly south for hundreds of miles, then for no obvious reason 
turns abruptly west, crosses northern Arizona, and again turns due 
southward in an erratic course. It enters the long Salton trough, the 
southern part of which is occupied by the Gulf of California, not at the 
upper end of the trench but at one side; and it shows its lack of genetic 
relation thereto by building a delta out into the trough, thus forming 
the basin which is now occupied by the Salton lake. 

The profile of the Colorado is not that of an old sedate river of long 
and normal history. It has rapids in its lower course and suffers many 
lesser changes in gradient. It has not yet developed a meandering chan- 
nel and a wide flood plain, except at intervals where weak rocks favor 
unusually rapid erosion. 

These peculiarities have interested geologists ever since the days of 
Blake and of Newberry. Powell,® and others following him, considered 
the Colorado to be an antecedent stream, originating far back in Ter- 
tiary times and persisting in spite of many slow crustal movements that 
formed fault blocks and anticlines athwart its path. This opinion was 
baldly stated by Dutton * as a fact: 


The river is older than the structural features of the country. Since 
it began to run, mountains and plateaus have risen across its track and 
those of its tributaries, and the present summits mark less than half 
the total uplift. . . . As these irregularities rose up, the streams 


%J. W. Powell: Ezplorations of the Colorado River of the West and its tributaries. 
Washington (1875). 


*C, E. Dutton: Report on the geology of the high plateaus of Utah (1880) p. 16. 
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Ficure 3.—Sketch map of the Colorado River system 
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turned neither to the right nor to the left but cut their way through in 
the same old places. . . . What then determined the present dis- 
tribution of the drainage? The answer is that they were determined 
by the configuration of the old Eocene lake bottom at the time it was 
drained. 


The Green River, one of the two main branches of the Colorado, was, 
in fact, Powell’s type example of an antecedent river. Physiographers 
are now rather generally agreed that Powell was mistaken, and that S. 
F. Emmons ° was right in his opinion that the Green River was superposed 
from the early Tertiary strata, which formerly covered the Uinta arch 
unconformably, and that it discovered the fold while carving its can- 
yon. Nevertheless, it is still generally supposed that the river is, in large 
measure, antecedent to some of the upwarpings and faultings along its 
course between the Uinta Range and the Gulf of California. 

Later, a modification of this idea was advanced by Davis® and has 
found general acceptance. Devoting attention chiefly to the Grand Can- 
yon section of the Colorado River, he concluded that it had developed 
its present course not upon an Eocene lake floor but in mid-Tertiary 
time upon a great peneplain, which was subsequently warped and faulted 
in two different epochs without causing noteworthy changes in the 
river’s course. 

In the last half century few geologists seem to have studied or con- 
sidered the river as a whole. Likewise, all appear to have assumed that 
the river has existed continuously since Miocene, if not Eocene, time. 
This was, indeed, a natural assumption to make, but apparently there 
is almost no evidence to support it. There is, in fact, much definite 
testimony against it. 

The clearly readable physiographic history of the Colorado River 
valley begins with the Pleistocene period. Its flood plains and excavated 
terraces are of Recent and late Pleistocene date. Some river deposits 
along its valley, still practically horizontal and unfaulted, may be of 
middle, or perhaps early, Pleistocene age. More detailed work by physi- 
ographers—perhaps aided by paleontologists if suitable fossils can be 
found—will be required to determine this point. The canyons themselves, 
and the locally wide valleys that alternate with them, are still older, 
but no geologist conversant with the problem regards them as anything 
but young. Indeed, most of those who have studied the river in the 
last forty years refer even the canyons to the Pleistocene period. 


°S. F. Emmons: The origin of the Green River, Science, n. s., vol. 6 (1897), p. 19-21. 
°W. M. Davis: An excursion to the Grand Canyon of the Colorado, Bull. Mus. Comp. 
Zool., vol. 38 (1901) p. 108-200. 
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Back of the Pleistocene the story becomes suddenly obscure and largely 
inferential. Longwell’ was the first to note the difficulty when he an- 
nounced that he could find no evidence that a large river had existed 
in the Virgin River section during the Pliocene period. On the con- 
trary, salt-bearing desert basin deposits of Pliocene age extend com- 
pletely across the Colorado valley in that locality. 

There are, so far as known, no true river deposits older than Pleisto- 
cene along the entire course of the Colorado River—that is, deposits of 
the specific type that such a river normally lays down. The deposits 
that have been mistaken * for such are, in fact, local alluvial fan gravel 
and associated material. It is possible to mistake for river gravel the 
copious sheets of debris that have been swept out of the many desert 
ravines by occasional torrents to form alluvial fans in the basins. Such 
gravel is poorly assorted and the pebbles are imperfectly rounded and 
composed entirely of rocks found in the local hills. It can be easily dis- 
tingushed from the type of gravel that a large river strews upon its flood 
plain—the pebbles well rounded, fairly well sorted as to size, and com- 
prising in addition to material of local derivation many of the harder 
varieties of rock that are exposed for a hundred miles or more upstream. 

The following table shows the contrasts in lithologic composition 
between the gravels of a local torrent and an adjacent terrace of the Colo- 
rado River midway between Searchlight, Nevada, and Chloride, Arizona: 


Local gravel, River gravel, 


Rocks per cent per cent 

100 100 


7C. R. Longwell: op. cit., p. 143. 
8 W. T. Lee: Geological reconnaissance of a part of western Arizona, U. S. Geol. Surv., 
Bull. 352 (1908) p. 56-57. 
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Except for the making of local Pleistocene deposits, already men- 
tioned, the entire known history of the Colorado seems to have been one 
of progressive downward erosion, with only a few brief pauses indicated 
by the small gravel terraces. Erosion has been slowest in the massive 
hard rocks, and there, in consequence, are canyons and gorges. In 
the weak Tertiary deposits of ash, clay, and sand, in which erosion was 
much more rapid, spacious terraced basins, such as the Green River basin 
in Wyoming, and the smaller Mohave Valley near Needles, have been ex- 
cavated. This intimate dependence of topographic form upon rock re- 
sistance to erosion is a fact of more significance than has been generally 
understood in relation to the Colorado River. 

In many places, tributaries have worked back such short distances that 
normal desert basins still persist only a few miles from the river, although 
hundreds of feet above it. The basin west of Black Canyon in southern 
Nevada is a good example (Fig. 1). Elsewhere, a few branches are ex- 
tending headward in weaker rocks and have tapped one or more such 
basins, as in the case of the Virgin River and of Muddy Creek in south- 
ern Nevada. If the Colorado River developed on a vast peneplain in 
mid-Tertiary times, it ought to have had a broadly extended system of 
tributaries. What has become of them? It is not merely that the 
streams have withered away in an arid epoch; there is no trace of such 
valleys themselves. The sparse, and mostly short, branches that the river 
now possesses are no worthy successor to such a system. Yet the Colo- 
rado itself is supposed to have changed only its habits and not its course or, 
indeed, its relative importance. 

In view of these considerations tending to negate the idea that the 
Colorado has had a long Tertiary history, it is time to consider the obvious 
possibility that it may actually be a young river that did not exist until 
about the beginning of the Pleistocene period. 

Nearly all students of the Colorado agree that its basin was eroded 
down to plains at one or more epochs in Tertiary time. Attempts to 
correlate various local plains into one, or more, widespread peneplain have 
been unsuccessful, but the broad extension of plains at the expense of 
mountains during some of the Tertiary periods is well attested. There 
is, in fact, much evidence to show that the harder rocks that now form 
the cores of the separate ranges of the Rocky Mountains were worn down 
to plains at some time in the Tertiary—probably after the Miocene 
period.® 

At the same time it seems well established that the climate of the 


*N. M. Fenneman: Physiography of western United States (1931) p. 107, 108. 
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western interior of the United States became more arid during later 
Tertiary times. Chaney *° writes that “the trend toward aridity appears 
to have set in during the Miocene and to have continued down to the 
present time.” 

In the plains region of western Kansas and Nebraska and in the cen- 
tral Rocky Mountains, the earlier Tertiary formations contain a rich 
fauna and flora indicating moist subtropical conditions, but the upper 
Miocene and the lower Pliocene formations reveal a marked change. A 
climate somewhat milder than the present and with a rainfall of ten to 
fifteen inches yearly seems to be indicated. In the Rocky Mountain 
region the stratigraphic record of late Miocene and Pliocene times is 
scanty. There appear to be no satisfactory fossils available. Chaney 
writes that the Miocene floras of Colorado and Wyoming that contain 
redwoods and other moisture-loving plants “are in all cases early Mio- 
cene.” The same is true of the northern part of the intermont plateau 
region. 

The later Tertiary formations in southern Nevada and adjacent parts 
of California and Arizona comprise great thicknesses of typical desert 
basin deposits, including beds of salt, gypsum, and borates. As might be 
expected, these strata are almost devoid of fossils, but the Muddy Creek 
formation (lower Pliocene) has yielded a few plants such as poplars, 
willows, and others that normally inhabit the borders of streams in arid 
regions. According to Stock,’* the mammals from this formation like- 
wise indicate a dry climate. 

The meager fauna of the upper Miocene on the western border of the 
Mohave desert in California indicates according to Buwalda ** “that the 
climate was one of semiaridity or aridity.” The testimony of the lower 
Pliocene Ricardo fauna from a nearby locality is similar. The faunas of 
the Esmeralda and other upper Miocene formations of western and north- 
western Nevada are interpreted by Merriam and Buwalda as indicating 
a semi-arid climate much like that of the present time, although at least 
temporarily moist enough for scattered groves of trees. 

Summarizing the available information regarding the climatic history 
of the Western States, it may be said that in Eocene and Oligocene times 
conditions were semi-tropical, with abundant rainfall and profuse vege- 


10 Personal letter. 
1 Chester Stock: Later Cenozoic mammalian remains from the Meadow Valley region, 


southeastern Nevada, Am. Jour. Sci., vol. 2 (1921) p. 250. 
23, P. Buwalda: New mammalian faunas from Miocene sediments near Tehachapi 


Pass in the southern Sierra Nevada, Univ. California Publ., Dept. Geol., vol. 10 (1916) 
p. 75-85. 
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tation. These conditions changed during Miocene time, and since the 
middle of that period the climate of various districts has varied from the 
intense aridity of the southern part of the Great Basin to the temperate 
semi-arid conditions of the northern Great Basin, Rocky Mountains, 
and Great Plains. 

As there is strong evidence that the surface features of the western 
United States have been entirely revolutionized since early Tertiary 
time, it seems improbable that any of the hills, mountains, lakes, or 
rivers of those epochs still persist. The general location of the great 
Eocene lakes is indicated by remnants of their deposits, but their forms 
and relations are almost unknown. There is scarcely any information 
available from which one may reconstruct the drainage systems to which 
they belonged. Orogenic movements and climatic changes in late Miocene 
and Pliocene times set the stage for the scene during which the present 
drainage systems and major topographic features were outlined, and it 
was not until the Pleistocene that the details of existing scenery were 


formed. 
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One may, then, reasonably imagine the Colorado drainage province 
during the latter part of the Tertiary as an arid to semi-arid lowland 
with only low mountains rising above the extensive plains. Analogous 
regions are found today in southern Arizona, southeastern California 
and Sonora, in Mongolia, and in the Kalahari region of South Africa. 
Central Australia affords the most extreme case. In all such regions 
there is a general lack of integrated river systems. The local streams are 
mostly intermittent. Even the few persistently flowing streams dwindle 
and end in “sinks.” 

The normal topographic features of such deserts are basins surrounded 
by broad ridges or low mountains, but unconnected with each other. 
In the middle of each basin there is a dry lake bed (or playa), or in some 
cases a salina, which is occasionally covered with water. From this 
barren lake bed, long graded slopes or plains, now called pediments and 
bajadas, rise gently to the mountains. Whether these distinctive basins, 
the “bolsons” of Hill ** and of Tolman ** are due to warping or to wind 
erosion, or to some complex cause, is still debatable. In any event, they 
are developed normally in all desert regions, and it is therefore reason- 
able to infer that they were characteristic of the southwestern United 
States during the arid later Tertiary period. 


18R. T. Hill: Topographic atlas of the United States, U. S. Geol. Surv. (1900). 
144C. F. Tolman: Erosion and deposition in southern Arizona bolson region, Jour. Geol., 


vol. 19 (1900) p. 136-163. 
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The interior of a continent in the latitudes between 10° and 50° 
must owe to somewhat special circumstances of topography or of geo- 
graphic relation such rivers as it possesses. Thus, the lowlands of the 
southeastern part of the United States today are subhumid only because 
the Gulf of Mexico affords moisture to the southerly winds of the periodic 
cyclonic storms. The Mediterranean Sea serves Europe in like manner. 

The present existence of the Colorado River is due solely to the fact 
that the Rocky Mountains in Colorado, Wyoming, and Utah are suffi- 
ciently high to condense moisture from winds that would otherwise yield 
little rain or snow. For the most part, the ranges that cause such pre- 
cipitation are more than 10,000 feet high. If the Rocky Mountains 
could be reduced to elevations of only 5000-8000 feet, this power would 
be largely lost, there would be no excess of water to form such a river as 
the Colorado, and the region would probably become a land of separate 
enclosed basins like Nevada and western Utah. If one concedes, there- 
fore, the implication of much historical evidence that the Southwest, 
including the central and southern Rocky Mountains, was in late Ter- 
tiary time lower in altitude and distinctly more arid than now, he must 
logically suppose that it had no large river such as the Colorado, but that 
its main features were broad undrained basins and low mountains. 

Assuming the existence in Pliocene time of such a landscape extend- 
ing from Wyoming, Utah, and Colorado, south into Mexico, we may next 
inquire how the existing Colorado River system could have been formed, 
and what plausible change in conditions would have induced its forma- 
tion ? 

The most essential change appears to be a general uplift of the Rocky 
Mountain region, for without that no considerable increase in rain and 
snow could be expected. There is ample evidence, noted by many 
writers 75 on the region, that uplift amounting to thousands of feet—per- 
haps as much as 6000 feet in the central Rocky Mountain region—did 
occur some time during or after the Pliocene period. It was this broad 
upwarping that induced the cutting of countless gorges and canyons 
throughout the province and caused the ranges themselves to be etched 
out into greater relief, as new plains were eroded upon the outcrops of 
the weaker strata. It may well be that a series of such elevatory move- 
ments occurred during the Pleistocene period. Their general effect of 
provoking greater rain and snowfall on the higher mountains was com- 
plicated by climatic cycles of unknown cause that gave rise to the several 


1% Summarized by N. M. Fenneman: Physiography of western United States (1931) 
p. 107, 108. 
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world-wide glacial advances and retreats. Those cycles merely accen- 
tuated the general effect of the uplift. 

It is reasonable to infer that, as the region was bulged upward, the 
local streams on the higher, and more northerly, mountains extended 
themselves, forming lakes in the nearest desert basins. As this influx 
exceeded evaporation—and the rate of evaporation must itself have been 
reduced in the cooler climate of the elevated region—the lakes rose until 
they overflowed the lowest points of their rims and spilled into adjacent 
basins. In time, enough excess outflow may have developed to fill a series 
of basins all the way to the Gulf of California, thus forming a chain of 
lakes strung upon a river. 

It was the opinion of Newberry ** that below the Grand Canyon the 
river had filled a series of basins and had, by cutting through the encir- 
cling mountains, formed the short canyons that now separate the basins. 
Later students of the region have given this view little consideration. In 
late Pleistocene times this very thing happened in Utah on a somewhat 
smaller scale, when Sevier, Utah, and Great Salt lakes rose until they 
overflowed into the Snake River, and thus reached the ocean; and in that 
case, also, as shown by Gilbert,’’ it was solely a result of climatic change. 

Owens River in California, whose history has been worked out by 
Gale,’* also extended itself outward from the Sierra Nevada, spilling over 
into one basin after another until it had filled four, and perhaps a fifth. 
There is good reason to think that an integrated river system was formed 
at that time, including the Owens, the Amargosa, the Mohave, and other 
drainages, and that it became for a time a branch of the Colorado River. 
In both these instances the river systems were so short-lived that they did 
not succeed in draining the lakes and grading their own channels. 

As the basins with their lakes stood at various elevations, just as they 
now do in Nevada, the outlets of many of them must have had steep 
gradients, and soon cut canyons across the divides. Thus, the lakes 
tended to be drained while at the same time they were being partly filled 
with local deposits. A stage must eventually have been reached when 
the Colorado River resembled somewhat its present self—a river flow- 
ing through successive broad basins without lakes and through canyons 


in the ranges that separate the basins. 


16 J. S. Newberry : Geological report, in Report on Colorado River of the West, by Lieut. 
J. C. Ives, 36th Cong., 1st sess., Sen. Doc. (1861) p. 19-20. 

17 G. K. Gilbert : Lake Bonneville, U. S. Geol. Surv., Mon. I (1890). 

18H. S. Gale: Notes on the Quaternary lakes of the Great Basin, with special refer- 
ence to the deposition of potash and other salines, U. S. Geol. Surv., Bull. 540 (1914) 
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In late Pleistocene time the Amargosa River integrated a series of 
basins, the dissected bottoms of which are still recognizable. In this case 
the river reduced several of the barriers to grade; therefore it now flows 
through several narrow canyons alternating with the intrenched lake 
deposits of the basins. The latter are now fast being reduced to pediments 
adjusted to the Amargosa River rather than to the earlier basin. Here 
we seem to find an instance that is intermediate in its development be- 
tween that of the Owens River system and that suspected for the Colo- 
rado River. 

After integration was effected, much work still remained to be done 
along the Colorado River before the present topography was developed. 
In the hard rocks that normally constitute the ranges and the plateaus, 
the river and its tributaries made slow progress toward widening their 
valleys. The latter remained narrow while being progressively deep- 
ened as the uplift increased. The unconsolidated lake deposits in the for- 
mer basins, however, were rapidly excavated and removed. After the 
uncovering of the bottoms of the old desert bolsons in which the lakes 
had been formed, the weak strata of Tertiary and Cretaceous ages that 
underlie them, and which originally determined their locations, became 
subject to attack at a rate only slightly less rapid. Broad areas there- 
fore advanced rapidly to a state of old age. 

In time all vestiges of the earlier lakes were erased by erosion, unless 
in some places the deposits were below grade.® The rapidity of the proc- 
esses that effect such changes is illustrated by the fact that the terraces 
of the lakes that occupied Death Valley in late Pleistocene time have 
already been obliterated except at a few widely separated points. 

At the same time the tributaries of the Colorado River were busily 
regrading the basins in adjustment with the river itself. The slopes 
of each basin were then converted into new pediments ”° sloping not to- 
ward a central playa but toward the river and its tributaries. The glacial 
climatic cycles, the widening of the river’s flood plain, and perhaps re- 
current upwarpings, induced the regrading of such slopes from time 
to time to different, usually still lower, profiles, leaving terraced, gently 
sloping platforms, such as are characteristic of the Colorado River valley 
in Wyoming and Utah and from Nevada south to Mexico. 

The process of integration of the basins, either by overflow or by cap- 
ture through headward erosion, followed by the regrading of basins, must 
have been largely confined to that part of the region that received either 


29 Profile of stream equilibrium. 
% Graded plains of erosion. 


564 ELIOT BLACKWELDER—ORIGIN OF THE COLORADO RIVER 


ample precipitation or an excess of outflow from more favorably situated 
districts farther upstream. Hence, it was doubtless most active and 
thorough in such districts as the Green River basin of Wyoming, and 
least so in the continuously arid bolsons in southeastern California. Many 
of the latter still remain intact, although they lie only a few miles from 
the river itself. 

During such a haphazard and accidental development of its course 
through overflow, the Colorado may have spilled over into the diastrophic 
trough of the Gulf of California, which seems to have extended in Plio- 
cene time northwest to the north base of the present San Bernardino 
Mountains. Entering the Gulf from the east side, the river rapidly built 
a delta athwart the trough and soon isolated the northern part, which 
is now known as the Salton Basin. The youthfulness of this delta is in- 
dicated by the fact that it occupies only a small part of the trough, 
although clearly destined to fill it if given enough time. 


CONCLUSION 


The foregoing sketch of the origin and history of the Colorado River 
is frankly theoretical. Science advances not only by the discovery of 
facts but also by the proposal and consideration of hypotheses, provided 
always that they are not disguised as facts. This view will not meet with 
general acceptance. There are doubtless many facts unknown to me that 
will be brought forward in opposition. Perhaps their impact will prove 
fatal to the hypothesis. In any event, the situation will be more whole- 
some, now that we have two notably different explanations, than it was 
when it was assumed by all that the river had existed continuously since 
middle or early Tertiary time. It seems to me that the new hypothesis 
is harmonious with most of the important facts now known about the 
geology and history not only of the Colorado basin but of the Western 
States in general. 
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INTRODUCTION AND ACKNOWLEDGMENTS 


The Bartlett Trough, which extends in a flat arc convex toward the 
north from the Gulf of Gonaive westward into the Gulf of Honduras, 
has a length of 1570 kilometers, a maximum width of 160 kilometers, and 
a depth of nearly 4000 fathoms, or about 9 kilometers below the highest 
points along the rim. Having contiguous land areas on both sides and 
at the ends, it possesses advantages for geologic research not afforded by 
other great submarine troughs. The north rim of the trough is exposed 
for the greatest distance where it coincides with the mountainous south 
coast of Cuba for 385 kilometers. The investigation here described has 
been devoted to the structural geology of this exposed portion of the Bart- 
lett Trough and the areas immediately adjacent to it. 

During a geologic examination for the Cuban Government in Decem- 
ber, 1930, the fresh excavations along the new Santiago aqueduct and at 
proposed dam sites furnished much valuable information concerning the 
rocks of the Sierra Maestra. A grant-in-aid from the National Research 
Council made it possible to spend the winter of 1931-1932 in studying 
the geology of the region, the project being sponsored by the Committee 
on Tectonics. The United States Navy cooperated by providing an air- 
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plane for making observations and photographs of the topography. Lt. 
J. L. Ewing served as pilot on the flights, and O. A. Freeman and W. J. 
Murtha alternated as photographer. 

It is a pleasure to acknowledge the courtesy and hospitality with which 
the writer was everywhere received. He is especially grateful to George 
R. Buchanan, manager of the Cape Cruz Company; Richard H. Beattie 
and Arthur Beattie, of the Central Isabel; the men on the staffs of the 
Bethlehem Cuba Iron Mines Company and the Cuban Mining Company ; 
Capt. T. L. Johnson, Commandant, United States Naval Station on 
Guantanamo Bay ; the officers and men of the Utility Squadron, Aircraft, 
Scouting Force, United States Navy, and G. C. Bucher. Clarence S. Ross 
examined thirty thin sections of rocks from the area, and most of the 
fossils collected were identified by either W. C. Mansfield or Lloyd G. 
Henbest. Other acknowledgments are made in the text. 


GEOGRAPHY 
TOPOGRAPHY AND DRAINAGE 


The south coast of Oriente, the easternmost province of Cuba (Pl. 58), 
runs in a nearly east-west line for 385 kilometers, and, although it shows 
minor offsets and indentations, its general rectilinearity is in marked 
contrast to coasts elsewhere around the island. Even the large bays of 
Santiago and Guanténamo have entrances so narrow as to be hardly notice- 
able from the sea. The northeast coast is low and extremely irregular, 
with many bays, except for a stretch of 100 kilometers northwest from 
Punta Maisi, which more closely resembles the south coast. 

The Sierra Maestra is sometimes shown on maps as a single range ex- 
tending from Cabo Cruz to Punta Mais{, but this is inaccurate. Over- 
lapping ranges, together with precipitous slopes and high cliffs along 
the coast, give an erroneous impression of persistence when observed from 
the sea, and most of the mountain area is difficult of access from the 
land. In this paper the name, Sierra Maestra, is retained for the entire 
system of mountain ranges along the south coast, and specific names are 
given to the different ranges. 

The Turquino Range extends from the vicinity of Cabo Cruz to San- 
tiago Bay, a distance of 160 kilometers, and is eight to thirty kilometers 
wide. For the most part it consists of a single ridge with spurs, but in 
places there are subordinate parallel ridges, especially on the north. The 
range culminates in Pico Turquino, the highest point in Cuba, with an 
altitude of about 2000 meters, but it is much more imposing than its 
elevation above sea level would suggest, for the highest points are within 
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seven or eight kilometers of the coast. The precipitous slopes continue 
below sea level to a depth of 6412 meters, thus giving a scarp with a total 
height of nearly eight and a half kilometers. 

Gran Piedra Range, beginning 20 kilometers east of Turquino Range, 
on the opposite side of the Santiago embayment, extends eastward for 35 
kilometers, almost to Guantanamo Bay, and attains a height of about 
1200 meters in Gran Piedra. 

Boniato Ridge (Sierra de Boniato), seven kilometers north of San- 
tiago Bay, stretches westward 25 kilometers from Paso de Barbacoa, 
which separates it from the Gran Piedra Range, and overlaps the eastern 
end of the Turquino Range. It has an average elevation of about 460 
meters. Paralleling the eastern half of Boniato Ridge on the south is 
a lower ridge known as Puerto Pelado: These two ridges, and the hills 
in front of them, in a way, tie the Turquino and the Gran Piedra ranges 
together, but the ridges are structurally independent of the ranges and 
are younger in age (Pls. 57, 60, 61, 62). 

North of the Gran Piedra Range, and separated from it by the valley 
of the Rio Bacanao, is a ridge, called the Loma de Santa Maria de Loreta 
(Pl. 63 A), which appears to be analagous to the Boniato Ridge and struc- 
turally independent of the Gran Piedra block. It is about 21 kilometers 
in length and 580 meters in elevation. 

The Sierra Maestra ranges have precipitous scarps facing south, but 
their north slopes are relatively gentle. This is especially striking in the 
younger,. and less dissected, ridges, such as Sierra de Boniato, Puerto 
Pelado, and Loma de Santa Maria de Loreta. 

The eastern end of the province consists of highlands, extremely rough 
and difficult of access, which extend westward from Punta Maisi for 180 
kilometers and are separated from the Sierra Maestra ranges. by the 
Guantanamo embayment and by valleys. The Eastern Highlands have 
not been accurately mapped, and only a small part was seen by the writer. 
Some of the outlying ridges may be of independent origin, but most of 
the area appears to be a dissected peneplain with even skyline, broad flat 
divides in places, and cuchillas, or knifelike ridges, elsewhere. 

A broad belt of hills, with elevations of less than 325 meters, extends 
northwest from Bahia de Nipe along the backbone of the island. Sepa- 
rating these hills from the Turquino Range is the broad, featureless val- 
ley of the Rio Cauto. The divide between the Cauto Valley and Bahia de 
Nipe is so low that a rise in sea level of 75 meters would separate the 
Sierra Maestra and the Highlands from the rest of the island; a rise of 
170 meters would separate the Sierra Maestra from the Highlands. 
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A well-preserved peneplain with northwesterly slope stretches eastward 
from Cabo Cruz along the north slope of the Turquino Range, gradually 
merging with the flood plains of the Rio Cauto and its tributaries. 

From Santiago Bay to the Rio Bacanao and from the Rio Yateras to 
the Rio Imias the coast line is marked by hills, a hundred meters or more 
in height, which are separated from the mountains by relatively broad 
valleys running parallel to the coast, and are usually separated from one 
another by narrow gorges. The valleys back of the hills contain occa- 
sional shallow lakes or bays with narrow entrances through drowned 
gorges. 

Marine terraces are a striking feature along the coast of Oriente, and 
those at Punta Escalereta (Stairway Point) are unexcelled. Near Punta 
Maisi, where they are also well developed, the terraces broaden to form 
a strip, 15 kilometers wide, across the east end of the island. 

The Rio Cauto, largest stream in Cuba, has its source in the Turquino 
Range, a short distance west of Loma del Gato. It flows north and, after 
joining the Rio Guaninicum, westward into the Gulfo de Guacanayabo, 
where it has built a large delta. In the lower part of its valley it fol- 
lows an extremely meandering course, and numerous ox-bow lakes are 
present. The Guaninicum-Cauto river system has a total length of 
over 200 kilometers. 

Most streams draining the north slope of the Turquino Range flow 
somewhat west of north until they enter the Rio Cauto or Gulfo de Gua- 
canayabo. Near the mountains they show entrenched meanders and old 
flood plain terraces. Streams on the south side of the range are short 
and of small volume, for precipitation is less and the divide is close to 
the coast. The Rio San Juan, just west of Santiago Bay, is the longest 
stream draining the south side of the mountains. The Rio Bacanao is 
longer, but its source is in the same area as that of the Guaninicum, and 
its upper tributaries drain the north slopes of the Gran Piedra Range. 

A low divide with elevation of about 230 meters separates the head- 
waters of the Rio Platanilla, which flows westward into the Guaninicum, 
the Rio Sabanilla draining eastward by way of the Rio Guantanamo into 
Guantanamo Bay, and the Rio Mayari, which flows north into the Bahia 
de Nipe. 

In the Eastern Highlands the divide is nearly midway between the 
north and the south coasts, although most north-flowing streams are 
slightly longer than those that flow south. 

Drainage in limestone areas is mostly underground through solution 
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channels ; this is especially noticeable near Cabo Cruz, on the terraces near 
Punta Maisi, and in the Highlands north of the Sierra Guaso scarp. 

The submarine topography is only roughly indicated by soundings now 
available. The scarp forming the Cuban coast is even more precipitous 
below sea level than above, and, significantly, the deepest soundings tend 
to occur at its base and near points where the rim is relatively high. 
Near the center of the trough the floor appears to be flat. 


CLIMATE AND VEGETATION 


Mean annual temperature in Oriente is about 80° F. (27° C.). It is 
warmer in Santiago and cooler in the mountains, especially at night. 
The range in temperature, both daily and annual, is slight. 

Rainfall is moderate in the interior, is heaviest on the north slopes of 
the Sierra Maestra, where the mean annual precipitation in places is more 
than 100 inches, and is least along the south coast, where the climate is 
almost semi-arid in places. Records of the Compania Azucarera Beattie 
for the years 1924-1931 show an annual rainfall at Media Luna of 45.83 
inches and at San Agustin of 60.10 inches. Media Luna has an eleva- 
tion of 9 meters, and San Agustin, ten kilometers northeast, is 107 meters 
above sea level. At Pilén, on the opposite side of the mountains, records 
of the Cape Cruz Company for the period 1905-1930 indicate an annual 
rainfall of 42.42 inches. At Santiago the annual precipitation is about 
36 inches, and at some points along the coast it is probably less. About 
75 per cent of the rain falls during the six months from May to October 
and only about eight per cent during the four months from December to 
March. 

Vegetation is much thinner on the south sides of the main divides, but 
there is usually sufficient to make cross-country travel extremely difficult. 
The high mountains are usually enveloped in clouds, even in the dry 
season, and here grow large tree ferns and other forms characteristic of 
tropical rain forests at high altitudes. Limestone plains and terraces, 
with thin soils and underground drainage, especially when located south 
of the divides, support a semi-arid type of vegetation with cacti and 
thorny shrubs dominant. Rock exposures are usually poor except in 
stream beds and where cuts have been made in building railroads, high- 
ways, and trails. 

ACCESSIBILITY 

A railroad runs north from Santiago through Paso de Barbacoa to 
Cristo and San Luis, thence east to Guantanamo and west to Manzanillo. 
Narrow-gauge railroads are operated by the large sugar companies and 
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mining companies. A recently paved highway, the Carretera Central, 
runs from Santiago around the west end of the Sierra de Boniato to Palma 
Soriano, thence west to Bayamo. The other roads are poor, and most of 
them become impassable at times during the wet season. 

The only road crossing the Turquino Range is a private road connect- 
ing Pilon and Media Luna. It furnishes the best geologic section across 
the mountains, for exposures are excellent in the deep cuts on the south 
side of the divide, although poor on the north side. 

Throughout most of the mountain region, travel is limited to poor 
trails, and in the Eastern Highlands trails are few. 


PREVIOUS LITERATURE 


The geology of iron, manganese, and copper deposits of eastern 
Cuba has been studied by many geologists, but little attention has been 
given to the structural geology of the region as a whole, and the literature 
on this subject is meager. 

A geological map of Cuba was prepared by D. Manuel Fernandez de 
Castro (1869), and, as modified by D. Pedro Salterain y Legarra (1883), 
it has served as the base for most subsequent maps. The latest map 
is one compiled by J. W. Lewis.? All are based on insufficient data. 

A “Military Map of Cuba, 1906-7-8,” with scale of approximately one 
inch to the mile and contour interval of 100 feet, was made during the 
occupation of Cuba, and published by the United States War Depart- 
ment. The Cuban Government has prepared a blueprint edition of this 
map with minor corrections, chiefly of place names. It is very inaccurate, 
but is the only large scale map available. 

The early work on the structural geology of Oriente Province is sum- 
marized in the report by Hayes, Vaughan, and Spencer.* An anticlino- 
rium, which dominates the structure of Cuba, extends east into Oriente 
to give an anticlinal structure to the northern half of the province, and 
probably extends to the east end of the island. South of this anticline 
in Oriente is a broad syncline, having a slight pitch toward the west and 
narrowing eastward. The south margin of the syncline is formed by 


1R. T. Hill: Cuba and Porto Rico with the other islands of the West Indies. 2nd ed. 
New York (1899) map facing p. 40; C. W. Hayes, T. W. Vaughan, and A. C. Spencer: 
Report on a geological reconnaissance of Cuba. Washington (1901). Also translated 
into Spanish and annotated by Pablo Ortega y Ros, published as Informe Sobre un 
Reconocimiento Geologico de Cuba, by the Direccion de Montes y Minas, Habana, Cuba 
(1918) ; 2nd ed. (1925). Accompanied by folded geological map. 

2J. W. Lewis: Geology of Cuba, Bull. Am. Assoc. Petroleum Geologists, vol. 16 (1932) 


pl. 1 facing p. 534. 
2C. W. Hayes, T. W. Vaughan, and A. C. Spencer: op. cit. 
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the north-dipping strata that rest upon the igneous rocks of the Sierra 
Maestra. These beds doubtless once extended over the crest of the range 
throughout its course, as they still do toward its eastern end where the 
elevations diminish, but they have been removed by erosion from the 
higher mountains. The present coast line from Punta Maisi to Cabo 
Cruz appears to have been determined by a profound fault. In the cen- 
tral part of the Cauto Valley the strata are gently folded. 

The Bartlett Deep is explained by Vaughan * as a downthrown block 
between two Pliocene faults that converge toward the Windward Pas- 
sage. He suggests® that the folding in the principal mountains of 
Jamaica and the Sierra Maestra of Cuba occurred between the upper 
Eocene and the middle Oligocene deposition periods. 

Chiefly from topographic and seismologic evidence, Taber * suggested 
that the Bartlett Trough was formed between two parallel zones of fault- 
ing, which continue across the island of Hispaniola. 

Darton’ mapped a broad synclinal basin in the Guanténamo Bay 
region. 

In 1930, Taber ® found tilted fault-block mountains of recent origin 
in the vicinity of Santiago. 


GEOLOGIC FORMATIONS 


GENERAL STATEMENT 


The distribution of the principal formations, in so far as they were 
traced, is shown on the sketch map of Oriente Province (Pl. 58). Be- 
cause of the depth of residual decay and the blankets of alluvial material, 
the boundaries of the formations are in places somewhat uncertain. The 
rocks of the region are mostly Tertiary in age, and they consist largely 
of pyroclastics with interbedded lava flows and limestones. 


4T. W. Vaughan: Geologic history of Central America and the West Indies during 
Cenozoic time, Bull. Geol. Soc. Am., vol. 29 (1918) p. 625-626. 

5T. W. Vaughan: The biologic character and geologic correlation of the sedimentary 
formations of Panama in their relation to the geologic history of Central America and 
the West Indies, U. S. Nat. Mus. Bull. 103 (1919) p. 607. 

® Stephen Taber: Jamaica earthquakes and the Bartlett Trough, Bull. Seis. Soc. Am., 
vol. 10 (1920) p. 86-88; The great fault troughs of the Antilles, Jour. Geol., vol. 30 
(1922) p. 92-103. 

7N. H. Darton: Geology of the Guantanamo Basin, Cuba, Jour. Washington Acad. Sci., 
vol. 16 (1926) p. 324-33. 

8 Stephen Taber: The structure of the Sierra Maestra near Santiago de Cuba, Jour. 
Geol., vol. 89 (1931) p. 532-557. 
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BASAL COMPLEX 


The basal complex, consisting of metamorphic rocks and igneous in- 
trusions, appears to be the surface formation over a large area in the 
Eastern Highlands, and also in a narrow strip along the coast between 
Cuzco Beach, two kilometers east of Guantanamo Bay, and Puerto Escon- 
dido, ten kilometers farther east. Crosby ® reported a great belt of basic 
igneous rocks in the Highlands, separating two irregular belts of schists, 
slates, and crystalline limestones. Meinzer*® mapped the coastal strip 
near Guantanamo Bay and.also the southern boundary of the basal com- 
plex between the Sabanalamar and the Imias rivers (Pl. 63 B). Along 
the Rio Yacabo he found intrusions of granite. George A. Wright told the 
writer that in prospecting for chromite in the Eastern Highlands he had 
encountered large areas of serpentine. Field studies by the writer were 
limited to the belt near the United States Naval Station, where the forma- 
tion consists chiefly of slates, schists, a little dark-blue limestone, and 
some greenstone, probably derived from basic intrusives. The age of 
the formation is unknown, although it is probably Paleozoic or older. 


VINENT FORMATION (CRETACEOUS?) 


The Vinent formation crops out near the base of the south slope of 
the Gran Piedra Range, and, similarly, along part of the Turquino 
Range. Poor exposures make it impossible to obtain a complete section, 
but on the steep slope northeast of Vinent the rocks listed below are en- 


countered : 


Elevation, 
ft. 
Porphyritic andesite (intrusive?). 
Quartzite. 
1620........Lava flow of cellular basalt. 
1600........Explosion breccia with fragments of andesite and of limestone. 
1500........Voleanic breccia. 
1450........Conglomerate. 
Quartzite. 


1200........Metamorphosed limestone with iron ore. 
1180........Porphyritic diorite. Intrusive. 


Volcanic or intrusion breccia (badly weathered). 
GOD... .. Quartzite. 


®W. O. Crosby: Probable occurrence of the Taconian system in Cuba, Science, vol. 2 


(1883) p. 740. 
100, E. Meinzer: Geologic reconnaissance of a region adjacent to Guanténamo Bay, 


Cuba, Jour. Washington Acad. Sci., vol. 28 (1933) p. 251-253. 
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In other localities more limestone is interbedded with the quartzites, 
and at Sigua, eleven kilometers east of Vinent, Kemp* found a black 
slate, apparently formed from a feldspathic tuff. At least part of the 
limestones contain feldspars and andesitic fragments. A conglomerate, 
which is probably to be correlated with the Vinent conglomerate, crops 
out at several places near San Miguel and close to the point where the 
road from Santiago to Nima Nima crosses the old railroad to the Cobre 
mines. Burchard *? found glauconitic shale overlain by light-colored 
quartzite close to the coast, nine kilometers east of Portillo and 130 kilo- 
meters west of Santiago. 

The Vinent formation is 1500 meters or more in thickness, its upper 
limit being uncertain. Possibly it should be considered as the lower part 
of the Cobre formation. A distinction is made here, because the Cobre 
formation contains no quartzite or similar rocks formed of the products 
of weathering, and because the Vinent formation appears to be Creta- 
ceous in age, and the Cobre is definitely Eocene. 

Fossils, collected by Singewald and Miller ** from a mine a short dis- 
tance west of the Lola Hill Mines, were submitted to T. W. Vaughan, 
who identified corals belonging to the genus Leptophyllia (?), a spe- 
cies of which is found in the Cretaceous of Jamaica, and sponges that 
are Mesozoic and probably Cretaceous in age. 


COBRE FORMATION (EOCENE) 

General statement 

The Cobre formation crops out throughout most of the Sierra Maestra, 
except where igneous intrusives occur, and it is also found in the foothills 
of the Sierra de Nipe, and possibly over a considerable area in that vicin- 
ity ; it does not apparently extend east of the Gran Piedra Range. It is 
well exposed in excavations along the aqueduct and the highway west 
of Santiago, along the highway and the railroad through the Paso de Bar- 
bacoa, and on roads and trails that climb the scarp of the Sierra de Boniato. 
Good exposures are also found along the larger streams draining the 
north side of the Turquino Range, such as the Cajias and the Cauto above 
their junction, the Contramaestra above the Manacas, and the Buey 
above Rosario. 


1 James F. Kemp: The Geology of the iron-ore deposits in and near Daiquiri, Cuba, 
Trans. Am. Inst. Min. Eng., vol. 53 (1915) p. 11. 

22E—. F. Burchard: Manganese-ore deposits in Cuba, Trans. Am. Inst. Min. Eng., vol. 
63 (1920) p. 94. 

18 J. T. Singewald, Jr., and B. L. Miller: The genesis and relations of the Daiquiri and 
Firmeza iron-ore deposits, Cuba, Trans. Am. Inst. Min. Eng., vol. 53 (1916) p. 74. 
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The Cobre formation consists chiefly of well-stratified pyroclastic rocks, 
lava flows, and limestones. Because of faulting and the presence of 
numerous intrusives, it is difficult to determine the thickness of the 
formation, but in the vicinity of Cobre and Santiago it is estimated to 
be over 4500 meters, and possibly as much as 6000 meters. 


Pyroclastic rocks 


The typical breccias are made up of angular to subangular fragments, 
chiefly andesitic in composition, but in places rhyolitic; light-green, red- 
dish-brown, or gray in color; and varying in size up to blocks two or 
three meters in diameter. Rarely, fragments of white marble or lime- 
stone are present. Near El Caney the fragments are mostly dioritic, 
and where slightly weathered, this breccia is difficult to distinguish from 
the diorite intrusives. The breccias are well consolidated but somewhat 
porous, and even where freshest, they show much alteration, with the 
formation of calcite, chlorite, epidote, zeolites, and other secondary min- 
erals. 

The transition from beds of breccia to beds of tuff is gradual in some 
places and abrupt in others. In general, the pyroclastic rocks of the 
Cobre formation tend to be coarser toward the south and finer in texture 
toward the north and near the west end of the Turquino Range. A large 
mass of coarse breccia, resting on a bed of tuff, forms the summit of Gran 
Piedra and gives the mountain its name. Volcanic breccia also crops 
out along the crest of the Turquino Range near Loma del Gato. 

The tuffs are mostly light- to dark-gray or greenish-gray, dense-tex- 
tured rocks. They are commonly calcareous and show all gradations into 
fine-grained foraminiferal limestones. The freshest material was ob- 
tained, by core drilling, from a depth of 25 meters below the bed of the 
Rio Cauto at Solis. Clarence S. Ross, who examined a thin section for 
the writer, reports that: 

It is composed largely of fine-grained andesite rock fragments with iesser 
amounts of crystal fragments that represent fractured plagioclase phenocrysts. 
The rock is much altered, with the development of secondary iron oxides and 
calcite. 


A specimen collected in a cut on the Pilén-Media Luna road, near the 
base of the south front of the Turquino Range, is described as follows: 


This is a very even grained volcanic tuff, made up of grains that average 
0.1 mm. in diameter. It is composed dominantly of mineral grains, but with a 
smaller proportion of rock grains. The dominant material is feldspar, with 
both oligoclase and orthoclase present. Rock fragments, which are of andesitic 
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habit, are next in importance, and quartz, augite, hornblende, and magnetite 
are accessories. The feldspars and interstitial groundmass show alteration, 
but the augite and hornblende are entirely fresh. The rock fragments and 
plagioclase indicate that the material is largely andesitic in character, but 
the orthoclase and quartz suggest that rhyolitic material is also present. 


Ross found evidence that some of the tuff was originally glassy in char- 


acter. Of a specimen of well-sorted tuff, from an elevation of 214 meters 
on the Pilén-Media Luna road, he reported: 


The glass has undergone alteration with the introduction of calcite which 
has partially replaced the glass. Quartz and orthoclase, in very small amounts, 
are the only accessory minerals, 


Lava flows and t intrusives 


The lava flows are difficult to distinguish from small intrusives, except 
where exposures are unusually good, for the dike rocks as well as the 
lavas are, in places, amygdaloidal, contain devitrified glass, and show flow 
structure. In most localities visited, dikes appear to be much more abun- 
dant than flows, and, in the series as a whole, lava flows probably con- 
stitute less than five per cent of the rocks. 

The greatest thickness of unquestioned lava flows, seen by the writer, 
is exposed along the Rio Buey south of Rosario, where the section shows 
possibly 650 meters or more of andesitic flows interbedded with breccias 
and cut by occasional dikes of andesite having a denser texture and more 
basic composition.’* Some of the lavas show flow structure and contain 
numerous cavities filled with amorphous silica, ranging up to seven centi- 
meters or more in diameter. Poorly developed pillow structure is also 
shown, and some of the flows contain angular inclusions of closely similar 
rock, probably picked up from breccias over which they flowed (Pl. 64 B). 
Ross states: 

The andesite is composed very largely of feldspar. Plagioclase is most abun- 
dant and forms euhedral crystals imbedded in a matrix of poikilitic areas of 
orthoclase. Augite is very rare, but dustlike magnetite is abundant. The 
rock is nearly fresh. 


On the south slope of Gran Piedra much rhyolitic rock crops out at 
elevations of between 600 and 900 meters, and part of it, at least, is prob- 
ably in the form of flows. Ross found the rock to be composed of pheno- 
crysts of plagioclase, orthoclase, and quartz, in a groundmass of ortho- 
clase and quartz, much of which appears to be secondary. Magnetite 


%4The area near Rosario has been briefly described by D. F. Hewett and E. V. Shan- 
non: Orientite, a new hydrous silicate of mang and calci from Cuba, Am. Jour. 
Sci., ser. 5, vol. 1 (1921) p. 491-506. 
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occurs along the borders of the phenocrysts, and a little chlorite is also 
present. Higher on the mountain, andesite, with well-developed flow 
structure, crops out. Ross states that this rock is “composed almost 
exclusively of plagioclase and very fine but abundant magnetite, which 
is concentrated along the borders of the plagioclase crystals. A little 
chlorite is probably secondary to augite. The magnetite is partly altered 
to hematite, the plagioclase is clouded, and secondary calcite has been 
introduced.” 

Most of the lavas are light-colored, fine-grained, and porphyritic. 
Plagioclase is usually the dominant mineral; orthoclase is seldom present 
in appreciable amounts; and primary quartz is not abundant. Augite 
or hornblende is usually present in small amounts, where not altered to 
secondary minerals, and magnetite is a common accessory. 

The dike rocks show a greater variation in texture than the flows, but 
their range in mineral composition is similar. Typical dikes were de- 
scribed in a previous paper,’® but Ross, in examining thin sections of 
the rocks, found devitrified glass in some of them, which had been over- 
looked by the writer. Devitrified glass is present in several of the dikes— 
one of which is sixty meters wide—at Solis on the Rio Cauto. The pres- 
ence of glass and of amygdaloidal cavities indicates that these dikes were 
formed at shallow depths, and that they are, therefore, contemporaneous 
in origin with the breccias and flows, a conclusion that is also om 
by the similarity in composition. 

Dikes and lava flows tend to be most abundant where coarse breccias 
are most abundant, in the southern part of the area.. Near the west end 
of the Turquino Range, flows seem to be entirely absent, and dikes are 
rare. 


Conglomerates and sandstones 


True conglomerates and sandstones are scarce in the Cobre formation. 
In a few places, breccias grade into conglomerates, which consist of 
rounded to subangular pieces of andesite and limestone. The sandstones 
are impure and have apparently been formed by wave action on volcanic 
materials without much weathering or sorting. These rocks are most 
abundant near the top of the formation and, in places, are glauconitic. 


Limestones 


Limestone beds occur at intervals throughout the Cobre formation; 
near the west end of the Turquino Range, tuffaceous limestones and lime- 


1% Stephen Taber: The structure of the Sierra Maestra near Santiago de Cuba, Jour. 
Geol., vol. 39 (1981) p. 541-544. 
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stone breccias make up most of the section exposed. In the area imme- 
diately west of Santiago, limestones constitute perhaps three per cent 
of the lower part of the formation, but in the upper part the proportion 
increases to as much as twenty per cent. Two types may be distin- 
guished: One, white to light gray and nearly free of impurities except 
occasional angular fragments of volcanic rock, chiefly near the top of the 
beds; the other, green, reddish brown, or dark gray, and containing much 
volcanic ash that is rarely recognizable except microscopically. 

The first type is not so common as the other, and the beds are less 
continuous. Bedding planes are absent or poorly developed, and the 
rock is largely crystalline, so that fossils are few and poorly preserved. 
Corals, a few shells, and a crab claw were recognized, but the age could 
not be determined with certainty. This type of limestone was probably 
built up rapidly as reef rock in shallow water. 

The other type is dense-textured, thin-bedded, and shows all grada- 
tions into tuff. It was probably formed more slowly and in deeper water, 
for the fossil content is different, consisting chiefly of foraminifera. 
These fossils proved most useful in determining the age of the rocks. 

The foraminifera found in the lowest beds of the formation, near San- 
tiago, were not identifiable, but beds close to the base of the section, ex- 
posed near Pilén, contain forms identified by Lloyd G. Henbest as prob- 
ably Globotruncana and Orbulina, which would indicate a post-Cretaceous 
age. The oldest beds in the Pilén section are probably well above the 
base of the formation. Limestones, 1070 meters higher in this section, 
contain forms that are typical of the Eocene in Cuba, Henbest identify- 
ing Discocyclina crassa (Cushman), Discocyclina, two species, and Nulli- 
pores in one specimen, and Nullipores (Lithothamnium?) and Camerina? 
in another. 

A similar fauna was found in a tuffaceous limestone from near the 
junction of the Arroyo Rico and the Rio Contramaestra, where the sec- 
tion is more largely composed of pyroclastic rocks and andesites. Henbest 
identified Camerina, Nullipores (Lithothamnium?), Discocyclina cuben- 
sis (Cushman), and Dictyoconus sp. 

Orbitoidal foraminifera, probably Discocyclina, and other Eocene fos- 
sils were collected by D. F. Hewett near Bueycito and Rosario in 1920 
and identified by T. W. Vaughan and W. C. Mansfield, but the list has 
not been published. Burchard ** found shark teeth of probable Eocene 
age at the Charco Redondo Manganese Mine southwest of Baire. Several 


1%. F. Burchard: Manganese-ore deposits in Cuba, Trans. Am. Inst. Min. Eng., vol. 
63 (1920) p. 87-88. 
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Fragments of the limestone (E) 


Photograph of the contact of Farallon Grande breccia with the older rocks (Plate 65 B) was taken 
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Eocene breccia (B) ; tuff (T); foraminiferal limestone (L); dikes (D) ; Farallon 


Manzanillo formation (M), Quaternary (Q). 


FIcurRE 1.—Section across the Turquino Range near Pilén 


Vertical and horizontal scales are the same. 
Grande secondary breccia (G); and faults (F). 


were found at (X) and (Y). 


at (H); that of large fragment of tuff (Plate 66) at (K). 
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species of Orthophragmina 
(=Discocyclina) have been 
identified by Cushman?’ in 
limestones from the Cadiz 
Mine southeast of Bayamo 
and the manganese mines near 
Cristo. 


FARALLON GRANDE BRECCIA 


A most unusual breccia 
crops out over a large area 
near the east end of the Tur- 
quino Range. Natural ex- 
posures are poor, but the rock 
is well exposed in excavations 
recently made in constructing 
the road across the mountains, 
especially in the cut at Faral- 
lon Grande, where a fresh 
cliff, 41 meters high, has been 
formed. The breccia is re- 
markable in that it is the re- 
sult of two distinct cycles of 
explosive activity and consoli- 
dation; also, because of the 
high percentage of calcareous, 
as compared with pyroclastic, 
material. It contains angular 
blocks seven meters or more in 
length. The total thickness of 
the Farallon Grande breccia 
included in the section (Fig. 
1) is at least 1520 meters, 
and may be much more. 


177J, A. Cushman: The American 
species of Orthophragmina and 
Lepidocyclina, Shorter Contributions 
to General Geology, 1919, U. S. 
Geol. Surv. Prof. Pap. 125 (1920) 
p. 40-46. 
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At the base of the section, which begins at the inner margin of the 
Pilén Plain, 1200 meters of well-bedded, tuffaceous limestones, calcareous 
tuffs, and volcanic breccias are exposed. The limestones contain fora- 
minifera of Eocene age, are dense-textured, and break with a conchoidal 
fracture, for they are as well consolidated as the Paleozoic limestones of 
New York State. They are colored green and brown by abundant vol- 
canic dust. The breccias are similar to those near Santiago, but are much 
finer in texture. Three small dikes, the only ones exposed in the entire 
section, cut these rocks. A few normal faults of small displacement 
and some minor folds disturb the beds, but the dip seldom varies much 
from 25° to 35° northwest. 

Northward along the line of section, Farallon Grande breccia is first 
encountered at the point marked “A” in Figure 1. It is coarse-textured, 
containing one mass of tuffaceous limestone over two meters in diameter. 
Its contacts with the stratified rocks are not well exposed, but the thick- 
ness of the material is probably less than 30 meters. Overlying it are 
365 meters of thin-bedded and slightly contorted limestones and tuffs 
before Farallon Grande is reached. One of the limestones (E in Fig. 1) 
is different in appearance from all other rocks seen in the district. It 
is light buff, dense-textured, and relatively pure. Foraminifera and 
a few fragments of igneous rock are easily visible to the unaided eye. 
Sharply angular fragments of this limestone are found in the Farallon 
Grande breccia at points 300 to 625 meters away and at least 460 meters 
higher up in the section. 

At Farallon Grande a sharply-defined, irregular contact between the 
younger breccia and the stratified rocks on the south is exposed (Pl. 65 B). 
From this point to the crest of the range the rock is mostly Farallon 
Grande breccia, although at several places thin-bedded, tuffaceous lime- 
stones, dipping 40° N. 25° W., crop out over such large areas that they 
can hardly be considered included fragments. Near the top of the 
divide the exposures are poor, but for 600 meters or more the beds ap- 
pear to be nearly horizontal, although somewhat contorted. About 600 
meters of the breccia is exposed on the north slope of the range. ° 

The Farallon Grande breccia consists mostly of limestone, tuff, and 
occasional fragments of the older breccia, but a few pieces of gray flint, 
amygdaloidal andesite, and andesite porphyry were found. The frag- 
ments are usually sharply angular; some of the larger pieces are con- 
torted (Pl. 66), others are not. No lava flows were found in the dis- 
trict. 

The Farallon Grande breccia was probably formed in Oligocene time, 
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A. PENEPLAIN NEAR MEDIA LUNA 


View from crest of the Turquino Range, looking N. 18° W. toward Media Luna. 
Gulfo de Guacanayabo in the distance. 


B. ANDESITE FLOW RESTING ON COARSE ANDESITIC BRECCIA 
Exposed along Rio Buey above Rosario. The contact is irregular. 


Nae 4 


BULL. GEOL. SOC. AM. VOL. 45, 1934, PL. 65 


A. CRUMPLED BEDS OF THE SAN LUIS FORMATION 


The locality is on the Carretera Central, seven kilometers south of Palma Soriano. 
Only the thin beds of limestone and shale are contorted. 


B. CONTACT OF FARALLON GRANDE BRECCIA WITH OLDER STRATIFIED 
ROCKS 


Exposure in cliff on the Pilén-Media Luna road across the west end of the Turquino Range. - 
The location is shown at **H’”’ in figure 1. 
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for it contains angular fragments of late Eocene limestone which were 
thoroughly consolidated before being broken up, and no volcanic prod- 
ucts were found in the Miocene, or later, formations of the district. All 
the evidence indicates that this unusual breccia must have been formed 
by volcanic explosions, the earlier rocks being shattered by gases, which, 
in expanding upward along lines of least resistance, in part followed 
bedding planes and in part broke across them. 


BATHOLITHIC INTRUSIONS (EOCENE) 


A belt of granitoid intrusives, 2 to 7 kilometers wide and over 65 kilo- 
meters long, extends along the coast from the vicinity of Rio Bacanao to 
an unknown distance west of El Cuervo Mine, near Nima Nima; but near 
Santiago Bay, for 15 kilometers, it is buried under La Cruz marl. 
Granitoid rocks, outcropping over a large area around Pico Turquino, 
are probably part of the same intrusion, although no surface connection 
is exposed. 

The main rock mass may be classed as granodiorite, although it varies 
greatly in composition and, especially near the contact with the stratified 
rocks, grades into basic differentiates. The granodiorite and the basic 
border facies are much mixed up, with inclusions of each occurring in 
the other; and both acid and basic dikes cut older rocks. The contact 
is difficult to map because of poor exposures, the presence of large in- 
clusions of stratified rocks within the intrusives, and diorite apophyses 
that extend into the stratified rocks. The granitoid rocks near Daiquiri 
and Firmeza have been described in detail by Kemp and others.** The 
granodiorite is a coarse-grained, light-gray rock, in which quartz is always 
present ; oligoclase is usually the dominant feldspar, but sometimes it is 
orthoclase. Biotite is the most common ferromagnesian mineral, but horn- 
blende and augite are also present in places. The diorite is darker 
colored and is composed chiefly of plagioclase, hornblende, and magnetite. 
Quartz, pyrite, and biotite are occasionally present as minor accessories. 
In places the rock is porphyritic, and gradations into gabbro have also 
been found. 

Immediately west and northwest of Santiago Bay the rock is chiefly 
diorite, and large dikes of typical diorite, cutting stratified rocks, are 
exposed along the Carretera Central, five to eight kilometers northwest 
of Santiago, and along the aqueduct just south of its crossing under 


% J. F. Kemp: The geology of the iron-ore deposits in and near Daiquiri, Cuba, Trans. 
Am. Inst. Min. Eng., vol. 53 (1915) p, 8-89; Waldemar Lindgren and C. P. Ross: The 
iron deposits of Daiquirt, Cuba, ibid., p. 40-66; Max Roesler: Geology of the iron-ore 
deposits of the Firmeza district, Oriente Province, Cuba, ibid., vol. 56 (1916) p. 77-127. 


584 STEPHEN TABER—SIERRA MAESTRA OF CUBA 


the highway (Pl. 60). In the vicinity of Nima Nima, quartz diorite con- 
taining numerous dark-green hornblende phenocrysts, two centimeters 
or more in length, crops out over a large area. Plagioclase, hornblende, 
magnetite, and a little biotite and chlorite make up the rock. 

Rock specimens from the Pico Turquino district, collected by G. C. 
Bucher, who has climbed the peak several times, were examined by the 
writer. A specimen from the summit is badly weathered diorite. Peb- 
bles from along the beach are light gray to dark greenish-gray quartz 
diorite, with hornblende largely altered to chlorite. Bucher states that 
similar rock crops out along the coast and also up the stream valleys in 
this vicinity. Relatively small intrusions of diorite are found at several 
places on the north slope of the Turquino Range. 

Viewed from the air, the large areas of granitoid rocks can be readily 
distinguished from areas of stratified rocks because of the characteristic 
topography developed by stream erosion (Pl. 67 A). 

Close to the batholith, contact metamorphism, especially of limestones, 
has resulted in marmorization and the development of much epidote, 
garnet, wollastonite, and some actinolite. Iron-ore deposits have been 
formed near the contact, chiefly within the diorite. The ore minerals 
are specularite, magnetite, and a little pyrite and chalcopyrite. 

The batholith is Eocene in age. It is younger than the Vinent and 
Cobre beds with which it is in contact, and no fragments of granodiorite 
were found in the breccias of the Cobre formation; but pebbles of grano- 
diorite, and also of the Vinent quartzite, are found near the base of the 
San Luis formation, which rests on the Cobre formation and is also Eocene 
in age. The uncovering of the granitoid rocks in such a short period is 
probably due to rapid erosion of the pyroclastic rocks, largely uncon- 
solidated and on steep slopes. 


SAN LUIS FORMATION (EOCENE) 


The San Luis formation rests conformably on the Cobre, and there- 
fore crops out to the north of it, the line of separation running close 
to Cristo and about seven kilometers south of Palma Soriano. It differs 
from the Cobre formation in being composed mainly of sedimentary, 
rather than pyroclastic, rocks, but in most places the transition is grad- 
ual. The formation consists chiefly of thin-bedded limestones and shales, 
tuffaceous sandstones, in places glauconitic, and conglomerates. No 
breccias or lava flows were seen, and the few dikes observed are of basalt. 
The conglomerates are composed of well-rounded cobbles and pebbles 
of rocks derived chiefly from the Cobre formation, but also from the 
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Vinent formation and the Sierra Maestra batholith. Conglomerates con- 
taining cobbles of quartz diorite, diorite, and quartzite, as well as andesite, 
limestone, and breccia, are exposed (1) in a railroad cut half a kilometer 
west of Alto Songo, (2) on a hill slope four kilometers northeast of Cristo, 
(3) along the crest of the Loma de Santa Maria de Loreta, (4) in the 
vicinity of Palma Soriano, and at several intermediate points. 

The fauna of the San Luis formation is similar to that of the upper 
part of the Cobre and indicates a late Eocene age. Specimens of Disco- 
cyclina postulata (Cushman), collected by the writer in a highway cut, 
thirteen kilometers west of Palma Soriano, were identified by W. C. 
Mansfield. This species has been reported elsewhere in Oriente only at 
the Ponupo Mine near La Maya.’® The formation was traced from the 
vicinity of Baire to a point east of La Maya, and it is probably much 
more extensive. 

GUASO LIMESTONE (EOCENE) 

The Guaso limestone, named and described by Darton,?° is upper Eocene 
and may be equivalent to the San Luis formation. It is several hundred 
feet thick, and forms the south front of the Sierra Guaso. An Eocene 
limestone, possibly contemporaneous with the Guaso limestone, has been 
found at Mogote, just east of the United States Naval Reservation.”* 


GUANTANAMO SHALE (OLIGOCENE) 


The Guanténamo shale, according to Darton,”* rests conformably on 
Guaso limestone in the northern part of the Guantanamo Basin, but 
near the coast it is underlain by beds of conglomerate, the lowest of which 
rests directly on the basal complex. It has a total thickness of 1220 
meters, or more. The thoroughly indurated, ferruginous conglomerate 
at the base of the formation consists of angular to well-rounded boulders 
and pebbles of rocks found in the basal complex. Quartzite and limestone 
pebbles occur in the conglomerates higher up. Darton quotes Vaughan 
as stating that the fauna found in the shale is high Oligocene or very low 
Miocene. Cushman * identified several species of Oligocene Lepido- 
cyclina in material collected by Darton from the Guantanamo shale, and 


12 J. A. Cushman: op. cit., p. 42. 

2 N. H. Darton: Geology of the Guantdénamo Basin, Cuba, Jour. Washington Acad. Sci., 
vol. 16 (1926) p. 327. 

20. E. Meinzer: Geologic reconnaissance of a region adjacent to Guantdénamo Bay, 
Cuba, Jour. Washington Acad. Sci., vol. 238 (1933) p. 254 and (appendix by T. W. 
Vaughan) p. 261. 

2N. H. Darton: op. cit., p. 327-329. 

J. A. Cushman: The American species of Orthophragmina and Lepidocyclina, U. S. 
Geol. Survey Prof. Pap. 125 (D) (1920) p. 39-108. 
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also found the same species in limestone collected by Meinzer from Los 
Melones and other points about five kilometers north of the coast and ten 
to twenty kilometers east of the Naval Station. The lowest beds of the 
shale may be Eocene, however, for the writer collected Discocyclina sculp- 
twrata (Cushman) from shale at Finca de Libano on the south slope of 
the Sierra Guaso, sixty meters below the crest. The fossils were identified 
by W. C. Mansfield. 

Darton thought that the Guantanamo shale extended westward to San 
Luis and Jiguani, but the San Luis formation, although similar in ap- 
pearance, is definitely late Eocene, whereas the Guantanamo shale is 
mainly Oligocene. 


MAQUAY FORMATION (OLIGOCENE?) 


The Guantanamo shale grades upward into a succession of sandstones, 
limestones, and shales, 300 meters or more thick, constituting Darton’s 
Maquay formation, which is thought to be either Oligocene or Lower 
Miocene. Meinzer’s work indicates that limestones and conglomerates of 
Oligocene, and possibly Miocene, age extend eastward along the coast be- 
yond the Rio Imias. 


BASALT INTRUSIVES (OLIGOCENE?) 


Basalt intrusives cut rocks of the Cobre and the San Luis formations 
but were not found cutting any rocks younger than Eocene, and no basalt 
fragments were seen in the breccias. Therefore, the basalt is Oligocene 
or younger. Dikes and sills are exposed at several places along the Carre- 
tera Central north of Santiago and near the Puerto de Moya, where 
quarries have been opened in the rock. A vertical dike of olivine basalt 
five meters thick, striking N. 22° E., is exposed in the bed of the Rio 
Contramaestra under the highway bridge. It cuts thin-bedded limestones 
of the San Luis formation dipping 8° N. 20° W. Most of the basalt has 
a well-developed columnar structure. 


MANZANILLO FORMATION (MIOCENE) 


The Manzanillo formation consists chiefly of highly calcareous, yellow 
to light-gray, bedded marl, but in places it grades into clayey or sandy 
layers. Prolonged weathering results in red clay soils. The formation 
is well exposed in pits and quarries on the hill immediately southeast of 
Manzanillo, the type locality. It extends inland from the northwest 
coast of the Cabo Cruz Peninsula to an elevation of 180 to 200 meters 
on the interstream divides, south and southeast of Media Luna, but it 
does not extend so far up the valleys, for the surface of the underlying 


: 
+ 
4 


BULL. GEOL. SOC. AM. VOL. 45, 1934, PL. 66 


CONTORTED MASS OF STRATIFIED TUFF 
IN FARALLON GRANDE BRECCIA 


Exposure in cut on Pildn-Media Luna road across the west end of 
Turquino Range. The location is shown at ‘‘K”’ in figure 1. 
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Eocene rocks slopes gently toward the northwest. It extends eastward, 
possibly as far as Bayamo, but because of deep residual soils and the 
alluvium-covered plains of the Cauto Valley, the boundaries are diffi- 
cult to trace. Good exposures are scarce, being practically restricted to 
a few artificial excavations. Fossils collected by the writer, and identified 
by W. C. Mansfield, indicate that the formation is probably Lower 
Miocene. 

At station 32 on the hill southeast of Manzanillo, the fossils collected 
were as follows: 


Cypraea sp. Antigona sp. 
Orthaulaxv aquadillensis (Maury) Metis trinitaria (Dall) 
Pecten sp. aff. P. perplerus (Cooke) Teredo sp. 

Codakia? sp. 


Near Espinosa, 17 kilometers southeast of Media Luna, a Pecten and 
a specimen of Ostrea sp. cf. O. virginica (Linnaeus), a ribbed variety, 
were collected. 

In a ballast pit at Colorado (station 29) eight kilometers south of 
Media Luna, the fossils listed below were obtained : 


Conus sp. Codakia? sp. (Like the form from 
Fasciolaria sp. station 29.) 

Strombus sp. Metis trinitaria (Dall) 

Turritella sp. Teredo sp. 

Polinices? sp. Clypeaster caudatus (Jackson). (Col- 
Pecten sp. aff. P. ventonensis (Cooke) lected by Sr. Juan Vasquez.) 


Venericardia sp. 

At station 30, in the arroyo west of Gorito, nine kilometers southwest 
of Media Luna, the fossils collected were: 
Phacoides sp. Clypeaster caudatus (Jackson) 


At station 31, a kilometer west of Macagua and twelve kilometers 
southeast of Media Luna, specimens of Pecten sp. cf. P. gibbus (Linnaeus) 
were obtained. 

On the hill at Sevilla Arriba (station 21), at an elevation of 195 meters 
and 18 kilometers south of Media Luna, the fossils collected were as 
follows: 


Conus sp. Solen sp. 

Morum? sp. Lithophagus? sp. 

Malea camura (Guppy) ? Corals 

Arca? sp. Chione sp. cf. ©. cancellata (Lin- 
Pecten sp. naeus) 

Venericardia sp. Tellina sp. cf. T. interrupta (Wood), 
Phacoides sp. a Recent sp. 


Antigona? sp. 
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The last two fossils listed indicate a later age than Miocene, perhaps 
Pliocene or Pleistocene, and they may have been deposited near the end 
of the Pliocene peneplanation to which the region was subjected. 


LA CRUZ MARL (MIOCENE) 


This formation was named and assigned to middle Miocene by 
Vaughan.** It closely resembles the Manzanillo formation, and detailed 
studies may show both are of the same age. It is only a few hundred feet 
thick, and consists chiefly of marl, with sandy beds and conglomerate 
near the base. Limited to an area of about 125 square kilometers in 
the vicinity of Santiago, it extends eastward almost to Siboney, and 
westward a short distance beyond the entrance to the bay, being covered 
by alluvium farther north. Its boundary crosses the El Caney road a 
kilometer or more northeast of Rio Purgatorio, and the Carretera Central 
and the Cristo road, four to five kilometers north of Santiago, where 
there is a heavy bed of gravel. 


PUNTA MAISI LIMESTONE (MIOCENE?) 


Limestone and marl, underlying the broad terraces near Punta Maisi, 
are shown as Pleistocene on the “Croquis Geologico de la Isla de Cuba” 
by De Castro and Salterain, and on most subsequent maps. The geological 
map of Cuba by J. W. Lewis *° shows the area as Miocene with a fringe 
of Quaternary along the coast, but no evidence is cited. The formation 
is certainly Tertiary, possibly Miocene, for the limestone, in part at 
least, is thoroughly consolidated, and the beds, while practically horizontal, 
show well-defined jointing (Pl. 68). 


PLIOCENE DEPOSITS 


During the Pliocene almost all of Oriente was above sea level, and 
subject to erosion. Along the coasts, marine planation and possibly slight 
local subsidence must have resulted in thin deposits at favorable places. 
This may be the explanation of the presence of certain fossils on the hill 
at Sevilla Arriba. (See above.) Fossils of possible Pliocene age were 


%*T. W. Vaughan: Fossil corals from Central America, Cuba, and Porto Rico, with an 
account of the American Tertiary, Pleistocene, and Recent coral reefe, U. 8S. Nat. Mus. 
Bull. 103 (1919) p. 218-219; The biologic character and geologic correlation of the sedi- 
mentary formations of Panama in their relation to the geologic history of Central Amer- 
ica and the West Indies, U. S. Nat. Mus. Bull. 103 (1919) p. 547-612, table facing p. 595. 

% J. W. Lewis: Geology of Cuba, Bull. Am. Assoc. Petroleum Geologists, vol. 16 (1932) 
p. 533-555. 
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also obtained by Meinzer ** from what were regarded as tilted beds in 
place near the mouths of both the Yateras and the Yacabo rivers. 


LAS PUERCAS MARL (PLEISTOCENE?) 


This name is proposed for the soft porous limestone or marl underlying 
part of the Pilén Plain and exposed in the gorge of the Rio Las Puercas. 
Fossils were collected in the gorge about two and a half kilometers from 
the coast. Here, the marl is overlain by five meters of gravel and soil; 
nearer the sea the Coastal limestone, containing much coral, appears to 
rest on the marl, although no contacts are exposed. Little coral occurs 
in the marl. The fossils identified by W. C. Mansfield are: 


Columbella? sp. Lucina sp. 

Epitonium sp. Cardium (Trigoniocardium) sp. 
Cerithium sp. Laevicardium sp. 

Dolium? sp. Metis sp. aff. M. intastriata (Say) 


Lucina cf. L. chrysostoma (Meus- 
chen), a Recent species 


COASTAL LIMESTONE (QUATERNARY) 


The term, Coastal limestone, is used to designate the porous white lime- 
stone surfacing most of the terraces and plastering over older rocks along 
the coast. It is usually honeycombed with small holes and corroded into 
jagged points to such an extent as to justify fully the local name of “dien- 
tes de perro” (dog’s teeth). It is largely crystalline, and rings when 
struck. These characteristics are due to initial porosity, absence of soil- 
forming impurities, and the excellent drainage. Other limestones on 
weathering may develop similar features, but the writer has never seen 
level rock surfaces quite so difficult to traverse as the terraces between 
Cabo Cruz and the Rio Toro. The typical Coastal limestone is best devel- 
oped along coasts where the underlying rock is limestone or marl. Where 
other rocks are present, it tends to grade into calcareous conglomerate, 
such as is found in the 40-foot terrace at Cuzco Beach near the Guan- 
tanamo Naval Station. 

The formation constitutes a sort of veneer over the older rocks (PI. 
69) and usually shows no evidence of bedding. The maximum thickness 
is difficult to determine but probably does not exceed twenty meters, 
although an impression of greater thickness is given by some of the ter- 
races that have been formed partly by wave erosion and partly by reef 
building. Few fossils other than coral are preserved in the limestone, 
and, in so far as the specimens collected have been identified, they seem 
to be similar to living forms. It is improbable that biologic evidence can 


260. E. Meinzer: op. cit., p. 255-256. 
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be used in distinguishing between Pleistocene and Recent reef rock. The 
Coastal limestone has been regarded as Pleistocene in age, but the writer 
is inclined to believe that it is partly Recent. The evidence is briefly 
summarized as follows: 


1. The Coastal limestone was mostly deposited after a widespread sub- 
mergence, which is best explained by a rise in sea level due to melting 
of glacial ice. 

2. The limestone is younger than the gorges cut through the Coastal 
Hills, and these gorges are as youthful as many of the post-glacial gorges 
of the temperate zones (Pls. 76 B, 78, and 79). 

3. Gullies, cut since the uplift of the Coastal limestone, are extremely 
youthful (Pl. 70). 

4. The recession of fault scarps under wave attack prior to deposition 
of the limestone was of such extent as would be expected to occur during 
the Pleistocene; the recession subsequent to deposition of the limestone 
is small. 

5. Caves, formed by undercutting of cliffs by waves, are found at sea 
level and at altitudes of several hundred feet, and the only difference 
between them is that the elevated caves contain stalactites. 

6. Terraces surfaced with the coral-reef rock may be traced from below 
sea level to an elevation of ten meters or more. 

7. The Coastal limestone occurs at higher elevations and apparently 
overlies Las Puercas marl. 


ALLUVIAL DEPOSITS (QUATERNARY) 


The lower part of the Pilén Plain is largely surfaced with gravel and 
soil washed down from the mountains. The Cauto and the Guantanamo 
rivers have built large deltas, and some of the other streams have built 
small ones. Old flood-plain terraces are found in the larger valleys drain- 
ing the north slopes of the mountain ranges. The lower valleys of some 
of the streams along the south coast have been filled with gravel to a 
depth of thirty meters, or more. 


ROCK WEATHERING 


Warm climate and high humidity result in rapid decomposition of 
igneous and pyroclastic rocks. Spheroidal weathering is prominent in 
the voleanic breccias and tuffs as well as in the intrusive rocks and lava 
flows. The small range in temperature is not conducive to rapid disinte- 
gration; therefore, talus is generally absent from the base of steep 
slopes. Clay soils predominate, even along the crest of sharp divides. 
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Limestone is the most resistant rock, especially when pure, for it is little 
affected by disintegration or decomposition and is destroyed almost ex- 
clusively by solution. 


EARLY TECTONIC HISTORY 
GENERAL STATEMENT 


Structure and topography of the northern rim of the Bartlett Trough, 
where exposed in the Sierra Maestra of southern Cuba, are domi- 
nated by east-west faults, so recent in origin that the resulting fault- 
block ridges show only minor modifications by erosion. The faults 
parallel the axis of the trough and cut directly across earlier struc- 
tural and topographic features, which seem to have had little or no influ- 
ence on the faulting. 


EARLY TECTONIC TRENDS 


The strike of the old basement rocks, where observed a short distance 
east of Guantanamo Bay, averages about N. 70° W., approximately parallel 
to the main axis of Cuba from Havana to the Windward Passage, and also 
to the Grand Hilera, or Sierra Cibao, which extends across the island of 
Hispaniola from Méle St. Nicholas to a point near Cape Engano. Like- 
wise parallel to this trend are the northeast coast of Jamaica and the 
principal mountains of that island, which are composed of folded Creta- 
ceous rocks. The northwest-southeast trend seems to have developed 
at a relatively early date, probably pre-Cretaceous, and it has apparently 
determined the direction of some of the later crustal disturbances of the 
region. 

The quartzites and the conglomerates of the Vinent formation indicate 
the presence of a nearby land area while these beds were being deposited. 
It probably lay to the south of the present coast, for the initial dip of the 
beds seems to have been to the north; also, the older rocks of the north- 
ern and eastern part of Oriente consist chiefly of serpentine or other basic 
intrusives. 

IGNEOUS ACTIVITY 

In the Sierra Maestra area the Eocene, and perhaps part of the Creta- 
ceous, was characterized by intense igneous activity. The precise loca- 
tion of the vents, from which issued the volcanic materials that make up 
such a large part of the Vinent and the Cobre formations, has not been 
determined; probably, they have been completely obliterated by later 
batholithic intrusions and subsequent erosion. Several vents are indi- 
cated, for coarse volcanic breccia extends in an east-west direction for 
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more than 200 kilometers. The increase both in coarseness of fragmen- 
tal material and in abundance of andesitic dikes, sills, and flows toward 
the south suggests that the vents were located not far from the present 
coast line. Perhaps the earliest east-west alignment of geologic features 
in eastern Cuba was shown in the distribution of the vents; but in view 
of the widespread igneous activity in the Greater Antilles during Creta- 
ceous and early Tertiary time and the necessarily meager information 
concerning the area immediately south of Cuba, no conclusions are war- 
ranted. 

The volcanic rocks of the Sierra Maestra were accumulated almost 
entirely under water, for they are well stratified and interbedded with 
limestones, pillow structure is present in some of the flows, and the frag- 
ments in the breccias are usually angular. Shallow-water conditions are 
indicated by the coralline limestones, and in places, especially near the 
top of the Cobre formation, the gradation of breccias into andesitic con- 
glomerates and sandstones indicates the presence of nearby land areas 
on the south. Subsidence accompanied the accumulation of this thick 
series of volcanic rocks. A similar series of beds must have been built up 
on the south side of the vents, but they are now buried in the depths of 
the Bartlett Trough. 

After the accumulation of a great thickness of stratified volcanic and 
sedimentary rocks the Sierra Maestra batholith was emplaced, with accom- 
panying differentiation of a basic border zone, metamorphism of the older 
rocks, and formation of iron-ore deposits. In the immediate vicinity 
of the batholith, and of some of the large satellite dikes of diorite, the 
stratified rocks are uptilted at high angles, usually toward the north, but 
in places they are vertical or even have southerly dips. The granodiorite 
batholith now forms a long, narrow interrupted belt along the south 
slope of the mountains. The south side of the batholith and the rocks 
with which it is in contact are submerged under the waters of the Bart- 
lett Trough. 

Uplift of the present coastal region, accompanied by gradual cessation 
of volcanic activity, is indicated by the change from the dominantly vol- 
canic Cobre formation to the dominantly sedimentary San Luis forma- 
tion. Erosion exposed the granodiorite and the Vinent quartzite while 
deposition was continuing farther north, for cobbles of these rocks are 
present in the conglomerates of the San Luis formation. Part of the 
area near Guantanamo, and perhaps farther east, seems to have been sub- 
jected to erosion until after volcanic activity ceased, for the Eocene forma- 
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YOUTHFUL GORGE CUT ACROSS TERRACES SURFACED WITH THE COASTAL 
LIMESTONE 


Aerial view of terraced Coastal Hill near Rio Imias. The young gorge is cut deep into the upper 
terrace but is hardly noticeable on the lowest terrace. A new cliff is now forming at sea level. 
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B. AERIAL VIEW OF TERRACES EAST OF PUNTA ESCALERETA 
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tions there are not so thick, and they contain little or no pyroclastic 
material. 

During Oligocene time most of the Sierra Maestra region was under- 
going erosion, but part of the Guanténamo Basin, at least, was below 
sea level. The brief renewal of explosive activity, which resulted in the 
formation of the Farallon Grande breccia near the west end of the Tur- 
quino Range, probably occurred during the Oligocene; and the basalt 
dikes and sills may have been intruded at this time. 


EARLY TERTIARY FOLDING AND FAULTING 


As a result of crustal movements during Eocene and Oligocene time, 
the rock strata of the Sierra Maestra region were given a general northerly 
dip; and, as the older rocks were uplifted while the San Luis formation 
was being laid down, the dip of beds in the southern part of the district 
was steeper than it was farther north. Subsequent movements have ac- 
centuated this difference. In most localities the dip is slightly west of 
north, and this westerly inclination is greatest near the west end of the 
Turquino Range, possibly because of initial dip determined by the loca- 
tion of the voleanic vents. The average direction of dip near the east 
end of the Turquino Range is N. 15° W., and near the west end N. 
25° W. 

Numerous small local folds, with axes oriented in different directions, 
are superimposed on the general northerly dip. Along north-south lines 
the folds are indicated by frequent variations in the angle of dip; and, 
especially in the San Luis formation, where the general northerly dip 
is relatively gentle, southerly dips are not uncommon. Along east-west 
lines the folds are indicated by small differences in the direction of dip. 
This type of folding is well shown by the resistant bed forming the crest 
of the ridge east of the Rio Bacanao near its mouth (Pl. 71 A). 

Dip faults and strike faults of small displacement seem to be widely 
distributed, for they may be observed wherever the rocks of the Cobre 
formation are well exposed, as in excavations along the Pilén-Media Luna 
road and the Carretera Central west of Santiago, and also in the upper 
valleys of Cafias, Cauto, and Buey rivers. A geological map of the Rosario 
manganese district by Hewett,?’ shows thirteen north-south faults, with 
downthrow on the east, spaced 60 to 450 meters apart; and four east-west 
faults, with downthrow on the south, cutting one of the larger fault blocks. 

Normal faults greatly predominate, and only one thrust fault was posi- 


27This map has not been published. D. F. Hewett kindly lent a copy of it to the 
writer. 
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tively identified by the writer. On the Pilon-Media Luna road, five kilo- 
meters south of the divide, a thrust fault with dip of 16° N. 55° W. is 
exposed. Immediately above the fault the rock shows crumpling due to 
drag. The displacement is probably small, as similar breccia is found 
on both sides of the fault. An Eocene age for some of the normal faults 
is indicated by the fact that they are occupied by andesite dikes, and most 
of the small folds, as well as the faults, were probably formed during 
early Tertiary time. They have no direct effect on the present topography. 

The folds seem to show no parallelism suggestive of an origin through 
tangential compression ; and, in the writer’s opinion, many, if not most, 
of the small folds and faults are due to the consolidation of rapidly de- 
posited pyroclastic rocks, and to local subsidence and uplift resulting from 
volcanic processes. 

Along the Carretera Central for several kilometers in the vicinity of 
Palma Soriano, thin-bedded limestones and soft shales are crumpled into 
small folds (Pl. 65 A), whereas the thicker limestone beds are tilted with- 
out distortion. As a tentative hypothesis it is suggested that the beds 
were tilted while the clays were soft, and that accompanying earthquakes 
caused slight slumping, with minor crumpling of the weak beds. 


MIOCENE SUBSIDENCE AND UPLIFT 


General subsidence in Miocene time permitted the deposition of lime- 
stones and marls on the eroded surface of older rocks in the Manzanillo- 
Cabo Cruz area, the Santiago embayment, the Punta Maisi area, at many 
points along the north coast of Oriente, and elsewhere in Cuba. The 
land remaining above water was probably of low relief, for the Miocene 
beds contain little coarse material. 

As the ocean waters spread into the Santiago embayment from the 
south, some kind of a depression must have existed immediately south 
of Oriente at that time. The southward slope in the vicinity of the em- 
bayment apparently extended some distance to the east, for the lower 
part of the Rio Bacanao antedates the Gran Piedra Range, and there is 
no evidence of sufficient differential displacement in this area during late 
Miocene or early Pliocene time to reverse the drainage that prevailed dur- 
ing late Eocene. 

Uplift of Miocene beds in eastern Cuba was accompanied by little de- 
formation other than minor warping, and their extent, when first ex- 
posed, was much greater than at present. The areas remaining in south- 
ern Oriente once extended farther south, and probably fringed most of 
the late Miocene landmass; but this southerly extension has since dis- 
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AERIAL VIEW OF PENEPLAIN AND MARINE TERRACES NEAR CABO CRUZ 


The location is given on Plate 59. Punta del Ingles is shown at the extreme left. The peneplain 
slopes toward Cabo Cruz and the northwest coast of the peninsula, which may be seen in the 
distance. 
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appeared as a result of the faulting that delineated the present coast line, 
and the areas have also been reduced by marine and subaerial erosion. 


PLIOCENE PENEPLANATION 


During late Miocene and most of Pliocene time, eastern Cuba was 
remarkably stable, in contrast to the instability that preceded and im- 
mediately followed. The prolonged stability permitted extensive plana- 
tion, both fluvial and marine, and the formation, in favorable places, of 
deep residual soils. The resulting peneplain is best preserved, perhaps, 
near the west end of the Turquino Range, where it slopes gently from the 
crest of the divide to the Gulfo de Guacanayabo (Pls. 59, 64 A, 72). 
The perfection of the peneplain between Ojo del Toro, at the end of 
the Turquino Range, and Cabo Cruz is probably due partly to marine 
erosion, but its preservation may be attributed to the fact that much 
of the drainage is underground through solution channels. 

Farther east, the tilted peneplain slopes northward from the Turquino 
Range until it merges with the alluvial plains of the Cauto Valley. Pico 
Turquino appears to have been a monadnock that stood slightly above a 
peneplain now preserved in the accordant crests of the neighboring ridges 
(Pl. 67 A). 

The terracing of the limestone plain near Punta Maisi indicates that 
it has been formed, at least partly, by marine erosion. In its underground 
drainage and lack of dissection it resembles the peneplain near Cabo 
Cruz. Fifteen to thirty kilometers west of Punta Maisi, where the rocks 
are chiefly serpentine and thick infertile soils were formed, the pene- 
plain has been deeply dissected to form the cuchillas that are characteris- 
tic of this region (Pl. 67 B) and that make it so difficult to traverse. The 
contrast between these adjacent limestone and serpentine areas in eastern 
Cuba is striking. 

In the Santiago area, marine erosion is probably responsible for the 
uniform surface of the peneplain now represented by the tops of the 
Coastal Hills, for some of these hills consist of quartz diorite and others 
of marl (Fig. 3 and Pls. 78, 79). Farther inland, the old erosion surface 
is not so uniform. Although all of Oriente must have been worn down 
to a low level by late Pliocene time, certain areas near the major divides 
in the southern part of the province, and perhaps limited areas elsewhere, 
were not quite reduced to a peneplain. 

A well-defined range of hills, a few hundred feet high, extends from 
the Gran Piedra Range southwestward for thirteen kilometers or more, 
between the Puerto Pelado and Santiago Bay (Pl. 57). These hills dif- 
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fer from the Puerto Pelado and other east-west ridges in that they are 
topographically older and conform to the strike of the rock strata in- 
stead of cutting obliquely across it. They consist of the most resistant 
rocks, chiefly dense-textured limestones, partly marmorized by diorite 
intrusives, and seem to be monadnocks that stood above the peneplain. 
They probably formed the divide prior to the uplift of the Sierra de 
Boniato by Quaternary faulting. 

Remnants of a once extensive peneplain, that has been uplifted, warped, 
and largely destroyed by erosion, are found near the north coast of Oriente 
and extending into the interior. It has been recognized and briefly de- 
scribed by several writers, in connection with the important residual 
iron ores formed in the lateritic mantle, which still covers large areas of 
the serpentine. In the Mayari district the peneplain has been uplifted 
without appreciable distortion to form a plateau, but in the Moa district, 
farther east, it is tilted toward the north and apparently dips under the 
ocean. Spencer ** correlates this peneplain with the late Tertiary pene- 
plain, which in the eastern part of the United States is partly buried 
under the Lafayette formation. Weld *® suggests that it is Oligocene. 

The age of the peneplain, so extensively developed in eastern Cuba, 
can be closely determined. It is younger than middle Miocene, for 
it extends across formations of that age. A long period of erosion un- 
disturbed by important orogenic movements would be required for the 
formation of such an extensive peneplain with its deep residual soils. 
Decomposition is relatively rapid in the tropics, and erosion of the older 
rocks was going on in most of Oriente during, and even prior to, Miocene 
time, but the results found in Cuba would seem to require a continua- 
tion of the process through most of Pliocene time. In limited areas the 
relief may have been further reduced during post-Pliocene time, but the 
region as a whole has had its relief greatly increased by the orogenic move- 
ments that have been going on throughout the Quaternary, and renewed 
erosion has resulted in the destruction of the peneplain over large areas. 

The peneplain of eastern Cuba is of the utmost importance in decipher- 
ing the crustal movements that have been going on in the region so 
rapidly during the Quaternary, for a displaced peneplain may furnish 
evidence of faulting that is as conclusive as a displaced rock stratum. 
When more is known about the geology and the topography of eastern 
Cuba, it will probably be found that its tectonic history during the late 


2% A.C. Spencer: Three deposits of iron ore in Cuba, U. S. Geol. Survey Bull. 340 
(1908) p. 326. 

2C. M. Weld: The residual brown iron-ores of Cuba, Trans. Am. Inst. Min. Eng., vol. 
40 (1909) p. 309. 
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Tertiary is more complicated than is here outlined, and additional erosion 
cycles may be recognized. 


QUATERNARY FAULTING 
GENERAL STATEMENT 


Near the close of the Pliocene or at the beginning of the Pleistocene, 
faulting began and has continued intermittently to the present time, 
resulting in the development of a great zone of parallel east-west faults. 
These faults largely determine the south coast of Oriente and the major 
relief features of the Sierra Maestra, but the main result of the faulting 
has been the formation of the great submerged scarp that forms the north 
side of the Bartlett Trough. The faults within the zone, and even within 
a limited district, differ in relative age, so that the tectonic history of 
the region during the Quaternary is rather complicated and is not the 
same in all parts of the area. Hence, it is most convenient to describe 
in detail certain limited districts in which the most work has been done. 


CABO CRUZ PENINSULA 


Between Cabo Cruz and Portillo, 56 kilometers to the east, the coast 
line and the topography are largely determined by two nearly parallel 
east-west faults, spaced about eight kilometers apart, and overlapping for 
a distance of 25 or 30 kilometers in the vicinity of Ensenada de Mora 
(Pilon Harbor). The north fault delineates the coast line to the east 
of Ensenada de Mora and the other to the west (Pls. 59 and 73). 

East of Portillo the Turquino Range rises abruptly from the sea, many 
of the spurs terminating in cliffs; near Portillo a coastal plain is just be- 
ginning to form in front of the mountains; and at Ensenada de Mora the 
plain abruptly broadens to a width of seven kilometers, while the mountain 
front continues westward for about eleven kilometers. Some of the longer 
streams that have cut back into the mountain block, such as the Rio 
Purgatorio, are adjusted to the rock structure, but the mountain front 
and the shore line east of Ensenada de Mora cut obliquely across the aver- 
age strike of the rock strata at an angle of about 25°. 

The location of the main divide is a compromise, being determined 
partly by faulting and the headward erosion of streams dissecting the 
scarp, and partly by resistant strata. Ojo del Toro and other hills near 
the west end of the range are monadnocks standing above the peneplain 
(Pl. 71 B); there the divide trends N. 25° E., parallel to the strike 
of the strata. Eastward, as the fault scarp gradually develops and di- 
verges from the range of hills, the highest points are either near the 
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top of the dissected scarp or near the uplifted hills. Farther east the 
highest points are usually close to the top of the scarp, but some of them, 
such as Pico Turquino (Pl. 67 A), may be uplifted monadnocks. 

The only evidence of recent displacement along the north fault was 
found at the base of the scarp near the Arroyo San Antonio, which turns 
abruptly east along the fault for 300 meters and then resumes its south- 
easterly course. On both sides of the arroyo several mountain spurs have 
knobs at their lower ends, on the south side of the fault, and sags or 
steeper profiles over the fault, even where the spur-ends consist of recent 
gravel. Similar features are characteristic of many active faults.*° 

Evidence of a fault a short distance off the coast, between Cabo Cruz 
and Ensenada de Mora, is necessarily almost entirely physiographic. Be- 
tween the Cape and the end of the Turquino Range the almost undissected 
peneplain, covered with residual clay soil, slopes gently upward from the 
Gulfo de Guacanayabo to a maximum elevation of 250 meters near the top 
of the steplike cliffs that form the south coast (Pls. 71 B and 72). There 
has been insufficient time for marine erosion to cut these cliffs in a gently 
sloping surface, and the few soundings available indicate that the average 
slope below sea level is even steeper than it is above. 

The Pil6n Plain slopes eastward between the two faults, from an eleva- 
tion of 180 meters near the Rio Toro to the Ensenada de Mora, and then 
continues below sea level for several kilometers as a shallow shelf with 
coral reefs, in places reaching the surface. The streams bring down much 
waste when in flood and are rapidly building up the northern part of the 
plain, wells having been sunk more than 45 meters in gravel and boulders. 
In the western, or upper, part of the plain, and also in the lower part of 
the plain near the coast, porous white limestone either crops out at the 
surface or is found under a few feet of soil and gravel. Part of the lime- 
stone is probably Pleistocene. Well records and surface geology indi- 
cate that Pleistocene and Recent deposits rest in part on tilted Eocene 
rocks, and partly, perhaps, near the western edge of the plain, on Mio- 
cene marl or limestone. Along the coast, a thin veneer of modern coral- 
line limestone is found ; the terraces have been cut in this; and, possibly, 


toward the west, partly in the older limestones. The Pil6n Plain is - 


almost undissected except in its higher parts (Pl. 74). Soundings show 
that the submerged plain immediately east of Pilon tends to be slightly 
higher near its outer edge, either because of northward tilting of the 


*® Stephen Taber: Some criteria used in recognizing active faults, Bull. Geo. Soc. Am., 
vol. 34 (1923) p. 661-668. 
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block or, possibly, because of a more rapid growth of coral reefs at a dis- 
tance from the shore. 

The north fault may be somewhat older than the south fault, but no 
evidence was found to support this hypothesis. The greater dissection 
of the mountain block would indicate that it was uplifted high above 
sea level at an earlier date than the areas south of it; but it is necessary 
to distinguish between uplift relative to sea level and uplift relative 
to the south side of the faults, The major movement has been a subsidence 
of crustal blocks to form the Bartlett Trough, the uplift of the coastal 
area, which constitutes the rim of the trough, being subordinate. . The 
Pilén Plain has been below sea level most of the time since the fault- 
ing began, and the coastal region between Cabo Cruz and the Rio Toro 
has been either below sea level or close to sea level much ofthe time; 
therefore, these areas have not had the same opportunity for dissection as 
the mountain block. 

The faulting was accompanied, or followed, by emergence and the ero- 
sion of stream gorges, and this, in turn, was followed by submergence 
to permit deposition of the Coastal limestone. The gorge of the Rio 
Toro is older than the Coastal limestone, which, near the mouth of the 
stream, contains pebbles of Eocene rocks brought down from the moun- 
tains. These changes in sea level were widespread rather than local, and 
were probably in large part due to the formation and the melting of 
Pleistocene ice sheets. The uplift that has occurred since the deposition 
of the Coastal limestone is local, and varies greatly within short distances. 

The uplift relative to sea level in recent time has been greatest in the 
vicinity of Punta Escalereta (Pl. 76 A), where it amounts to over 200 
meters, and it decreases rapidly toward the east and the west. This up- 
arching is clearly shown by the lowest terraces. A narrow beach, or sea 
level terrace, extends eastward for about eight kilometers from the vi- 
cinity of Punta del Ingles and then slopes upward to form a terrace five 
meters, or more, above sea level (Pl. 72). A reef at sea level near 
Punta Brava rises westward to form a terrace with elevation of about 
20 meters near the mouth of Rio las Puercas. 

It is difficult to trace individual terraces for more than a few kilo- 
meters because of warping and because of the destruction of older ter- 
races by the cutting of later ones. The highest and oldest terraces are 
probably Pleistocene in age, but the lower ones are believed to be Recent. 
Cliffs near Punta Escalereta, at an elevation of over 180 meters, are 
slightly less precipitous than those near sea level, but their wave-cut 
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caves differ only in that they contain stalactites, which are absent from 
similar caves now forming. 

Near Punta Escalereta the Coastal limestone is found over a greater 
vertical range than could be explained by the rise in sea level at the 
close of the Pleistocene. The highest deposits may have been formed 
during one of the interglacial periods; or, the lowest terraces at this 
point may be cut in material that was not exposed during the period of 
low sea level and later covered by the coralline limestone; or, the up- 
lift of the block may have been reversed for a while and then renewed. 
The writer was unable to examine closely the lowest terraces at Punta 
Escalereta, and therefore obtained little evidence on this problem. 

The mountain front east of Pilén shows evidence of emergence having 
been followed by partial resubmergence, for the lower part of the Arroyo 
Punta Piedra, between Pilon and Portillo, seems to occupy a filled valley. 
Absence of elevated terraces along this part of the coast is probably due to 
lack of appreciable uplift relative to sea level since the Coastal limestone 
was deposited. If such uplift occurred, it was so long ago that the evidence 
has been obliterated by rapid erosion on the steep slopes. The rock waste 
washed into the ocean would make this part of the coast a less favorable 
environment for the growth of fringing coral reefs; but at many places 
between Pilén and Santiago small fringing reefs are growing today, and, 
locally, they have been raised a few meters above sea level. 

As far east as the Rio Magdalena, stratified rocks, with prevailing north- 
westerly dip, crop out along the mountain front, and resistant rock 
strata form many of the spurs and minor divides. The mountain front, 
however, and the coast line, which for the most part coincides with it, 
cut obliquely across the grain of the country rock. Farther east is the 
granodiorite batholith from which Pico Turquino has been carved. Some 
of the small offsets in the coast line are probably due to en echelon fault- 
ing, but this part of the coast was not studied in detail. 

The Sevilla, the Macaca, the Vicana, and other streams flowing down 
the back slope of the fault block have been rejuvenated by the uplift and 
have entrenched their meanders (P1. 59), so that they now flow in gorges 
that are cut thirty meters, or more, below the surface of the peneplain ; 
and where least dissected, in the area southeast of Media Luna, the land 
surface is slightly higher at the edge of some of the gorges than it is 
farther back. 

The lowest terrace along the south coast near Cabo Cruz descends to 
sea level as it approaches the Cape, but some of the higher terraces curve 
toward the northwest and north before disappearing, and when these are 
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A. TERRACES OF PUNTA ESCALERETA AS VIEWED FROM THE SEA 
Locking northeast. 


B. GORGE OF THE RIO SAN JUAN AT ITS MOUTH 
Photographed from the railroad bridge of the Bethlehem Cuba Iron Mines Company. 
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A. FAULT SURFACE AT THE LOLA MINE NEAR VINENT 
The ore body has been removed back to the fault (F) which cuts it off on the north. 


B. NORMAL FAULT IN LA CRUZ MARL 
Carretera Central, 100 meters north of the second kilometer-post north of Santiago. 
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viewed from the sea, they are observed to slope rather steeply toward the 
north. 

The northwest coast, between Cabo Cruz and Media Luna, has been 
sinking rather than rising in Recent time, for the penepiain seems to 
extend to the coast, and at Belic a large fresh-water spring comes up in 
the ocean, fifty meters offshore. Between Media Luna and Manzanilla, 
however, a narrow ridge, running parallel and close to the coast, has been 
formed by differential uplift. In a brief reconnaissance, no evidence was 
found indicating whether or not the uplift had been accompanied by 
faulting. 

The uplift has diverted the Jo, the Tana, El Caney, and the Sibama 
rivers so that they unite to form a single stream, which enters the gulf 
by flowing around the southwest end of the ridge. This stream has not 
yet had time to build a delta. Farther northeast, the Rio Gua—its flow 
augmented by the Rio Jibacoa and other streams that formerly reached 
the gulf by more direct routes—has been able to maintain its course 
across the rising ridge and has built a large delta. Terraces have been 
cut into the seaward side of the ridge. This uplift is significant in that 
its axis makes an angle of 30° with the fault zone along the south coast, 
and therefore furnishes supplementary evidence that the displacements 
have not been caused by compression in a north-south direction. 

SANTIAGO DISTRICT 
General statement 

In the Santiago district the exposed part of the zone of east-west fault- 
ing is over fifteen kilometers wide. Differential displacement and tilt- 
ing of the fault blocks within the zone have resulted in the formation 
of the principal mountain ridges and of the east-west valleys, the trans- 
verse north-south valleys being due to stream erosion. The tectonic 
features differ in age, having been formed, with some overlapping, in 
the following order: (1) The Turquino and the Gran Piedra ranges; 
(2) the Coastal Hills and the longitudinal valleys separating them from 
the mountains; (3) the Boniato Ridge and possibly the Loma de Santa 
Maria de Loreta; and (4) the Puerto Pelado Ridge. 


Turquino and Gran Piedra ranges 


The Turquino and the Gran Piedra ranges are large fault blocks 
that have been uplifted and tilted toward the north, their present alti- 
tude being due almost entirely to uplifts during post-Pliocene time. The 
mountains are old enough for the fault scarps to be deeply dissected, 
and for the divides to be irregular in places because of headward erosion 
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of valleys (Pl. 75). Enough material has been eroded from the back 
slopes so that the crest of the divides is usually composed of the more 
resistant rocks (Pls. 71A and 75). Streams flowing down the back slopes 
have been recently rejuvenated. Where crossed by the Carretera Cen- 
tral, the Cauto and the Contramaestra rivers have cut narrow gorges, 
25 meters deep, in broad flat flood plains, and the Rio Yarayabo has 
cut its gorge 20 meters deep. Farther back in the mountains, where 
the flood plains have not been so well preserved, entrenched mean- 
ders furnish evidence of rejuvenation. The Rio Guaninicum, which 
drains part of the north slope of the Gran Piedra Range, also shows 
evidence of rejuvenation. 

The Gran Piedra fault block is less simple in its structure than the 
Turquino block. The offsets in the mountain front, which give it a 
general northwesterly, instead of a westerly, trend, suggest that the 
faulting is partly of the en echelon type, common elsewhere in the Sierra 
Maestra; and this hypothesis is supported by the presence of hills on 
the lower slopes of mountain spurs where the faults would overlap, and 
by the evidence of en echelon faulting along the coast. Because of poor 
exposures and the massive character of the granitoid rocks near the base 
of the scarp, it is difficult to locate the faults by geologic evidence. 
Roesler describes an east-west fault, dipping steeply north at the West 
Five Mine, near Firmeza, and several other small faults, striking in 
various directions. He states ** that “the linear [east-west] distribution 
of the rock types, as shown on the surface maps, suggests at once a di- 
rection of major faulting,” but he decided against the hypothesis be- 
cause he found no evidence of large displacements. The present writer be- 
lieves that the repetition of the east-west belts of quartz diorite and of 
the basic border rocks shown on Roesler’s “Geological Map of the Fir- 
meza District” is strong evidence of faulting with downthrow on the 
south. 

Kemp * states that “abundant evidence of faulting movements and 
of shearing under pressure are to be noted both in the open cuts of Lola 
Hill and near Firmeza.” Excavations at the Lola Mine have exposed an 
east-west fault, dipping 80° south, for ninety meters along the strike 
and for over fifty meters in depth (Pl. 77A). The Lola ore body was 
cut off on the north by this fault, and was encountered back of it at a 
higher elevation. The rock exposed in the cut is much shattered. 

Although most of the faults observed near the base of the Gran Piedra 


*1 Max Roesler: op. cit., p. 92, 117. 
= J. Kemp: op. cit., p. 12. 
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Range have an east-west strike, the general trend of the dissected scarp 
is northwest, and the mountain block has been tilted northeast. The 
rock strata, especially in the western and northern parts of the block, 
commonly show northeasterly dips, whereas the general dip of beds in 
the younger Sierra de Boniato fault block, on the opposite side of Paso 
de Barbacoa, is northwest. Along the boundary between the two tectonic 
blocks, vertical or steeply inclined dips prevail. 

Uplift of the Gran Piedra block relative to the Vinent quartzites and 
the granitoid rocks at its base, subsequent to the exposure of these rocks 
by erosion, is proved by the presence of pebbles of the quartzite, quartz 
diorite, and diorite in conglomerates on the north side of the mountains. 


Coastal hills and longitudinal valleys 


Between Santiago Bay and the mouth of the Rio Bacanao there are 
large offsets in the shore line at Siboney and Daiquiri (Pl. 78) and 
smaller ones at many other places. The Pliocene peneplain has been 
broken by faulting and dissected by streams to form Tows of flat-topped 
coastal hills, which are separated from the mountains by broad tectonic 
valleys. The hills occur in several rows arranged en echelon in con- 
formity with the offset shore line. 

The hills are broadest immediately east of Santiago Bay (Pls. 57, 78, and 
79) where the peneplain slopes inland for six or seven kilometers from 
an elevation of 75 to 100 meters at the coast. This row of hills 
probably terminates at Siboney, but possibly continues east of the 
Rio Carpintero as the Firmeza Hills on the lower slopes of the 
Gran Piedra Range. Another range of hills begins at the mouth of 
the Rio Carpintero and follows the coast as far as Daiquiri, where the 
coast is offset to the south whereas the hills continue for a short distance 
along the lower slope of the mountains near Vinent. A third range of 
hills begins at Daiquiri and extends eastward along the coast. 

The relatively slight dissection of the Coastal Hills, as compared with 
the mountain biock, suggests that the hills are younger, but this difference 
is largely due to the kind of rock and to the smaller amount of water 
available for erosive work on the hills. The best evidence that uplift 
of the mountains began before the hiils were formed is the presence 
of boulders of breccia, tuff, andesite, and iron ore on top of the hills 
and cemented into the Coastal limestone that veneers them. These 
boulders must have been transported from the mountains before the 
intervening valleys were formed, for similar rocks are not found nearer 
the coast. The boulders are especially plentiful in the upper part of 
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the Arroyo de la Costa, which drains the south slope of the hill be- 
tween the Carpintero and the Juragua rivers. The upper part of the 
arroyo, near the top of the hill, is in an open valley, but the lower part 
is in a gorge, about six meters wide at the bottom, with walls perhaps 
sixty meters high. 

The longitudinal valleys are tectonic in origin, the descent into them 
from the Coastal Hills being accomplished by tilting and faulting. Dif- 
ferential weathering is not a factor, for near Santiago Bay both hills 
and valleys are in La Cruz marl, whereas east of Siboney both are in 
quartz diorite. The drainage is transverse to the main structural and 
topographic features. A normal fault, with downthrow on the north (PI. 
77 B), displaces La Cruz marl just north of Santiago and not far from 
the lowest point on a profile from the Coastal Hills to the mountains, 
following the divide between Rio San Juan and Santiago Bay. On 
the south side of this fault a bed of marl rises 25 meters in 1100 
meters, but poor exposures make it impossible to determine whether 
faulting or tilting is the principal cause of the displacement. It is 
difficult to find evidence of faulting in the granodiorite, but slickensided 
east-west surfaces were observed in cuts on the north side of Daiquiri 
Hill. 

The uplift of the coastal blocks relative to the interior was slow enough 
to permit southward-flowing streams to maintain their courses and in- 
trench their meanders (Pls. 57 and 79) ; and with the exception of streams 
like the Carpintero and the Daiquiri, which enter the ocean at the larger 
offsets in the coast line, they all flow in narrow gorges as they approach 
the sea (Pl. 76 B). Rapid gorge-cutting was aided by a sea level that, 
at the entrance to Santiago Bay, was at times 23 meters or more below 
present sea level. Here, soundings show that the submerged gorge of 
the Rio Santiago extends 360 meters south of the present coast, across 
several submerged benches. 

Only near Santiago Bay are sufficient soundings available for the 
location of the fault scarp, which has been notched by wave erosion to 
give the present shore line. Here, the distance from the shore line to 
the top of the scarp ranges from 275 to 765 meters, and averages about 
370 meters (Fig. 2). An offset of 450 meters in the submerged scarp 
opposite the entrance to the bay, possibly caused by en echelon faulting, 
explains the small offset in the shore line at this point and the location 
of the mouth of the gorge. 

The shore is now retreating under wave attack except where protected 
by fringing reefs. The well-preserved, stairlike terraces found at many 
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Figure 2.—Profiles of the coast near the entrance to Santiago Bay 


Showing fault scarp notched by wave erosion. Soundings taken 
from Chart of Santiago Harbor, No. 1856, Hydrographic Office, United 
States Navy. 
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places along the coast are proof that under favorable conditions, cliff 
recession may be rapid ; and during the cold climate of the glacial periods, 
when reef growth was retarded, there was little interference with active 
wave erosion. The relatively narrow bench cut in the fault scarp, there- 
fore, indicates that the scarp is young, probably not older than Pleistocene. 
This hypothesis is supported by much additional evidence. 

The cliff recession took place during a period of low sea level, which 
was widespread along the coasts of Cuba, and may best be accounted 
for by the withdrawal of water to form the continental ice caps. The 
narrow gorges cut by the streams during the period of low water are 
as youthful in appearance as many of the post-glacial gorges of colder 
regions. The period of low water was followed by widespread submer- 
gence, which can best be explained by return of glacial water to the ocean. 
Since this submergence, large uplifts of the coast have occurred locally, 
but there is no evidence of a general change in sea level of appreciable 
magnitude. 

If the recent submergence was not due to eustatic rise in sea level, it 
would have to be explained by widespread subsidence of the land in a 
region where mountain growth through irregular differential uplift has 
been in active progress both before and since the submergence. Ever 
since block faulting began, the Sierra Maestra has been growing higher 
and the Bartlett Trough deeper relative to sea level; and although small 
areas between mountain crest and ocean deep have, at times, reversed 
their movement, such displacements are believed to be of minor impor- 
tance. 

During the period of submergence the Coastal limestone was plas- 
tered over the older rocks, not only on the seaward side of the hills, 
but also for a short distance up the gorges and on the north side of some 
of the smaller hills, such as the one east of Daiquiri Playa, thus prov- 
ing that the limestone is younger than the gorges. 

Uplift of the Coastal limestone has occurred intermittently, enabling 
the waves to cut successive benches into it (Pl. 79) and in places remove 
it entirely, as at Daiquiri Playa, where undercutting by waves has ex- 
posed the granodiorite. Except on the exposed seaward side of the Coastal 
Hills, wave-cut benches are, as a rule, poorly developed, the best on the 
north side of the hills being found between Santiago Bay and the Rio San 
Juan, where relatively soft marl was easily eroded by waves on a bay 
that was much larger than the present one. These terraces may be seen 
best from high points in the city. 

Near the entrance to Santiago Bay, the height of the Coastal lime- 
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stone above the drowned stream channel is about ninety meters, an amount 
that may be explained by eustatic changes in sea level during the Pleis- 
tocene ; but east of Daiquiri, where the Coastal limestone occurs at an ele- 
vation of nearly 200 meters, there must have been actual subsidence 
after the formation of the Coastal Hills. 

The recent uplift of the coastal area near Santiago seems to have re- 
sulted, chiefly, if not entirely, from displacements along submarine faults, 
for no evidence of recent faulting was found between the shore and the 
mountains. The earthquake of February 3, 1932, originated along the 
submerged fault scarp about fifteen kilometers west of the entrance to 
the bay. Several previous earthquakes seem to have occurred along 
this scarp within historic time. 

Uplift has been greatest along the coast, decreasing inland, but it is 
difficult to say how much of this differential uplift has resulted from the 
recent displacements and how much from displacements that preceded 
deposition of the Coastal limestone. The submerged, meandering chan- 
nel of the Rio Santiago has a depth of 12.2 meters at the entrance to 
the bay, increasing to 22 meters opposite Cayo Smith, and then de- 
creasing gradually toward the head of the bay, where sedimentation 
has been heavy. It is 12.2 meters deep opposite Cayo Ratones, nearly 
five kilometers from the Moro, and half way to the head of the bay 
(Pl. 57). 

Wells sunk in the flood plain of the Rio San Juan near San Juan 
Hill, eight kilometers from the coast and ten meters above sea level, 
passed through fifteen to twenty meters of sand and gravel. Fossils from 
La Cruz marl were obtained in a dry well near the margin of the flood 
plain. Three kilometers farther downstream, wells were sunk through 
52 meters of valley fill. Shallow lakes are present back of the Coastal 
Hills in the San Juan Valley and other stream valleys farther east. 
Ensenada Cabaiias, three kilometers west of Santiago Bay, has been 
formed by the drowning of a smaller valley. Its entrance is partly closed 
by coral reefs. 

The absence of bays for forty kilometers east of Santiago Bay, where 
conditions are otherwise favorable, is due to greater uplift of the coast 
and heavier sedimentation in valleys that drain from nearby mountains. 
The peneplain, as preserved in the tops of the Coastal Hills, slopes west- 
ward from an elevation of over 150 meters near Siboney to 46 meters 
at Loma de Yarey, west of Playa Mar Verde (Fig. 3), beyond which 
the mountain front of the Turquino Range approaches close to the 

coast. The Coastal limestone continues to descend westward from 
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Loma de Yarey and is only 
five meters above sea level 
at Nima Nima, where it 
forms a narrow bench be- 
tween mountains and sea 
(Pl. 80). The westward 
slope of the peneplain near 
Santiago Bay is paralleled 
by the slope of a narrow 
bench near the top of the 
submerged fault scarp. It 
slopes from a depth of four- 
teen meters near longitude 
75°50’W. to twenty meters 
at longitude 75°53'30”W. 
Data are not available for 
the construction of a profile 
of the Coastal Hills east of 
Siboney, but, viewed from 
the slopes of Gran Piedra, 
the summits of most of the 
hills are accordant except for 
a break at Daiquiri, and 
show a gentle inclination of 
the old surface toward the 
west (Fig. 4). 
Sierra de Boniato 


Sierra de Boniato, or Bon- 
iato Ridge, has been uplifted 
along a fault which cuts ob- 
liquely across the strike of 
the strata so that the rock 
forming the crest is not al- 
ways the same, and only 
where it consists of lime- 
stone is it resistant to ero- 
sion. Because of the lack of 
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Elevations taken from Chart No. 2611, Hydrographic 


good horizon markers in a 
series consisting chiefly of 
pyroclastic rocks, the precise 


608 
= 
i 


QUATERNARY FAULTING 


440°? 
5. 
BE 


Ficurs 4.—Sketch of Coastal Hills near Daiquiri 
As viewed from an elevation of 800 meters on the slope of Gran Piedra Range. 


amount of the displacement has not been determined, but it is not far 
from 400 meters. The scarp is about 335 meters high and has an average 
slope of 30°, although locally much steeper. It is furrowed by short dry 
gulches, which have not had time to cut back into the old erosion surface 
forming the north slope of the ridge. As a result, the crest is nearly 
rectilinear (Pls. 62 and 81A), and the contrast between the precipitous 
scarp and the gentle north slope of the fault block is striking. 

The irregularities in the crest are due partly to the topography of 
the old erosion surface, which, when uplifted, had greater relief here 
than in most areas. The fault beheads broad open valleys (Pl. 81 B) 
and cuts across small hills. Other irregularities in the mountain front 
are due chiefly to fault splinters, which occur where one fault dies out 
and another continues the escarpment, somewhat offset from the first. 
One of the largest of these splinters is shown in Plate 82 A. 

Recent displacements along the base of the scarp are indicated in 
places by narrow ravines parallel to the ridge and by side-hill ridges on 
the spurs separating gullies. Such features are ordinarily destroyed in 
a relatively short time by erosion and deposition, but talus or other rock 
waste is practically absent from the base of this scarp. Some of the larger 
ridges occurring near the base of the scarp, such as those near Loma de 
la Cruz (Pl. 81 A), appear to be small fault blocks. 

At its east end the Boniato scarp curves abruptly toward the north, 
and fades out west of Cristo. A small east-west fault with slickensided 
surface, exposed in a railroad cut in the Paso de Barbacoa, does not af- 
fect the topography. The pass separates two tectonic blocks differing 
in age, with their rock strata dipping in different directions. At its 
west end the main Boniato fault follows a fork of the Arroyo Saltadero 
for a short distance and apparently dies out as it is replaced by a paral- 
lel fault a little to the south, which is difficult to follow. The topography 
suggests that it dies out in the valley of the Rio Caiias, a short distance 
beyond the Puerto de Moya. 
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The Boniato fault scarp is so fresh that the displacement must have 
occurred mostly, if not entirely, in post-Pleistocene time. 


Loma de Santa Maria de Loreta 


North of the Gran Piedra Range is a long ridge, the eastern half of 
which is known as the Loma de Santa Maria de Loreta, and the western 
half as Loma de Compaiia. They are separated by a wind-gap, which 
was apparently cut by the northward flowing Rio Negro before it was 
captured by the Rio Bacanao. The bold south-facing scarp of the ridge 
is extremely precipitous, rising abruptly to a height of 335 meters above 
the broad, flat floor of the Bacanao Valley, but the north slope is rather 
gentle (Pl. 63 A). 

The ridge is probably a tilted fault block similar to Boniato Ridge, but 
the data obtained during a hasty visit to the area are insufficient to 
prove this hypothesis. A thick bed of conglomerate forms the ridge 
at a point opposite Emilia, and this rock also crops out in the bed of 
the Rio Bacanao immediately below. The conglomerate forming the 
top of the ridge appears to descend toward the west; it was found near 
the base of the scarp in the vicinity of Fraternidad. 


Puerto Pelado Ridge 

Puerto Pelado Ridge, about two and a half kilometers south of the 
Sierra de Boniato, has the youngest-appearing scarp of any seen in 
Cuba. It is 150 meters high and has a slope of 30° to 40°. Because the 
fault is slightly oblique to the strike of the northward-dipping strata, 
the beds exposed in the face of the scarp rise gradually toward the east. 
A small offset near the west end of the scarp may be seen in Plate 60. 
Gullies have barely begun to extend their heads up the face of the scarp, 
which, in its lack of dissection, offers a striking contrast to the maturely 
dissected hills that rise nearby, on the south side of the Carretera Cen- 
tral. Slickensided surfaces were exposed in excavations made for the 
Santiago aqueduct, which runs along the base of the scarp. 

In front of Sierra de Boniato and Puerto Pelado is a large area of 
low relief (Pl. 61), part of the old erosion surface which also forms the 
back slopes of the fault-block ridges. Low residual hills stand on this 
surface, and the streams that cross it flow in relatively shallow, open 
valleys, which on approaching the coast narrow to form the gorges through 
the Coastal Hills. North and west of Santiago Bay, the surface rock 
consists of intrusive diorite and the tilted beds of the Cobre formation; 
east and northeast of the bay it is chiefly La Cruz marl. 
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Lomas de Marimon 


Two small ridges northwest of Marimon, when viewed from a distance, 
resemble the Puerto Pelado. They are shown in the upper left corner of 
Plate 57, between the Puerto Pelado and Santiago Bay. Close examina- 
tion shows that they are composed of slightly contorted and nearly vertical 
stratified rocks, chiefly limestone, having a strike of N. 60° E., parallel 
to the trend of the ridges. The appearance of the ridges is suggestive of 
faulting, but no evidence was found to support this hypothesis, and they 
are probably due to differential erosion, for they are near the end of a 
row of low monadnock-like hills. Between these ridges and the alluvium 
near the bay shore the rock is diorite. 


GUANTANAMO BASIN 


The geology of the Guantanamo Basin has been described by Darton 
and Meinzer, and little can be added by the present writer, as his field 
work consisted of a brief reconnaissance into parts of the area, made 
primarily for the purpose of correlating the rock formations with those 
farther west. The rectilinear shore line and steep submarine slopes on 
both sides of Guantanamo Bay indicate that the north-dipping Eocene and 
Oligocene beds, and the older rocks on which they rest, are probably cut 
off close to the coast by downfaulting, such as has determined the shore 
line farther west; but, on the land surface to the north, little physio- 
graphic or other evidence of faulting was found. Meinzer ** suggests that 
the precipitous south front of Los Melones Mountains and the escarp- 
ments of other ranges in that vicinity may be fault scarps. Renewed 
uplift of the north limb of Guantanamo syncline in Quaternary time is 
suggested by the straight south front of the Sierra Guaso and by the 
short youthful gorges that cut back into it, but the difference in elevation 
between the Guantanamo Plain and the plateau back of the Sierra Guaso 
may be due entirely to the resistance of the thick bed of Guaso limestone 
and to the scarcity of surface streams in an area where most of the 
drainage is underground. No evidence of faulting was seen. Marine 
erosion in late Tertiary time may have helped to reduce the Guantanamo 
Plain. 

Marine terraces are less prominent than they are in other areas along 
the south coast, probably because of gentler slopes and less resistant rock. 
Meinzer recognizes two conspicuous terraces in the vicinity of Guan- 
tanamo Bay at altitudes of 40 and 125 feet, the higher terraces found 
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farther east being absent or indistinct. He thinks ** that uplift and 
subsidence have occurred since the forty-foot terrace was formed, for 
many of the smaller bays have been created by the dissection of this 
terrace. The uplift of the coast seems to have been accompanied by a 
slight northerly tilt. 

EAST END OF CUBA 

Observations on the region between Guantanamo Bay and Punta Maisi 
were made during two airplane flights over it. The coast between the 
Yateras and the Imias rivers for over 32 kilometers is similar to 
the coast near Siboney and Daiquiri, in that it is marked by a range 
of coastal hills separated from the interior highlands by a broad valley, 
but it differs in having a shore line that is gently concave toward the 
south rather than rectilinear with abrupt offsets. Baitiquiri Bay (Pl. 69) 
is similar to Santiago and Cabaiias bays; three lakes lie back of the 
Coastal Hills at Sabanalamar (PI. 63 B) ; and the Macambo, the Yacabo 
Abajo, and the Imias rivers have cut relatively narrow valleys through 
the hills (Pl. 83 B). After the uplift of the hills and the erosion of the 
gorges the land was submerged to receive a veneer of Coastal limestone, 
which has been partly removed by wave erosion during emergence (PI. 
69). From the air, some of the hills look like cuestas. They are higher, 
on the average, than the hills near Santiago, some reaching an altitude 
of over 330 meters, and they are not so uniform in elevation. Sedimen- 
tation has occurred back of the Coastal Hills in the transverse stream 
valleys (Pl. 63 B), but the broad longitudinal valley shows a gently rolling 
topography with low residual hills (Pls. 69 and 84). 

Terraces are perhaps best developed near Baitiquiri. Between the 
Yateras and the Imias rivers, Meinzer ** recognized four conspicuous 
terraces, the lowest being the forty-foot terrace and the second “a per- 
sistent terrace which at Baitiquiri Bay was determined by hand level to 
be about 210 feet above the sea.” The altitudes of the other two ter- 
races were roughly estimated at 500 feet and 750 feet. Near Baitiquiri, 
however, the writer was able to count at least ten terraces (Pl. 82 B). 

Inland from Punta Maisi the land rises in broad steps, which become 
narrower as they extend around to the north coast and the south coast. 
The terraces are broader at Punta Maisi than along the adjacent north 
and south coasts, because the land surface into which they were cut 
sloped more gently toward the east than toward the north or the south; 
but the heavy waves that break against this promontory must be an- 


*0O. E. Meinzer: op. cit., p. 256. 
*% 0. E. Meinzer: op. cit., p. 257. 
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A. Looking east from west end of ridge. Gran Piedra Range in background. 


B. Showing broad open valley beheaded by the fault. The locality is just east of 


Puerto de Moya. 
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other factor (Pl. 83 A). Some of the sea-level cliffs in this area have 
been cut back into the jointed Miocene limestone (Pl. 68). 

The terraces on the north coast near Punta Maisi are slightly lower 
than those on the south coast, and the streams that flow northward are 
longer than those flowing southward. These facts suggest that the recent 
uplift of eastern Cuba has been accompanied by a slight northerly tilt, 
but the tilting is insignificant as compared with that in the Cabo Cruz 
area. In the region of older rocks, immediately west of the broad lime- 
stone terraces of Punta Maisi, the uplifted peneplain has been dissected to 
form cuchillas (Pl. 67 B), thus giving marked contrast to the topography 
of these adjacent areas. The altitude of the peneplain seems to increase 
westward from the Punta Maisi area, but, where examined by the writer, 
no evidence of faulting was seen. 


CORRELATION OF RECENT CRUSTAL MOVEMENTS ALONG THE SOUTH 
COAST OF ORIENTE 


General sequence of events in Quaternary time was evidently similar 
in the Cabo Cruz district, the Santiago district, and also near the east 
end of the Island; a period of faulting accompanied by emergence of 
the coastal area was followed by a submergence of several hundred feet 
and, more recently, by intermittent and unequal uplift. With the aid 
of closely spaced, accurate profiles of the coast and adjacent offshore 
area, it should be possible to construct a fairly detailed history of recent 
displacements of the shore line, but this would necessitate instrumental 
surveys in uninhabited areas, difficult of access. 

Correlation of the principal terraces at Manzanillo, Santiago, and Punta 
Maisi has been suggested,*° but this is seemingly impossible. The 
number of terraces, their elevation, and their freshness vary greatly 
in different areas, and for long stretches of coast they are entirely absent. 
Some terraces were formed by local uplifts, limited to a few kilometers, 
and others persist for long distances. The terraces at Manzanillo are 
local; those at Punta Escalereta do not extend east of Pilén; and all but 
the lowest terrace in the Santiago area die out toward the west before 
Nima Nima is reached. Some of the narrower terraces are difficult to 
trace because of erosion, and others have been destroyed in places by the 
formation of later terraces. 

Correlation of terraces by the degree of preservation is apt to be un- 
certain unless great care is taken to insure that the terraces compared 
have been subjected to exactly the same conditions. In the tropics, ter- 


*C. W. Hayes, T. W. Vaughan, and A. C. Spencer: op. cit., p. 20. 
XL—BUuLL. Grou. Soc. Am., Vou. 45, 1934 
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races are better preserved if cut in limestone than if cut in igneous 
rock; and they are less easily removed by erosion if there are no high 
slopes above them to collect rainfall and direct it over them. Invariably, 
the upper terraces are older for they show greater effects of weathering 
and erosion, and, in places, gorges cut by ephemeral streams in the upper 
terraces have not been extended across the lower terraces (P). 70). 

The oldest-appearing, low benches and cliffs, favorably located for 
preservation, are those cut in the Coastal Hills between the Yateras and 
the Imias rivers (Pl. 85). In many of the less favorable localities they 
have been completely obliterated. The youngest-appearing terraces are 
found in the Punta Escalereta section (Pl. 71 B). The available evidence 
regarding terrace formation indicates that the recent uplifts have been 
intermittent and have shifted back and forth along the coast, with the 
total uplift greatest near Punta Maisi and at Punta Escalereta. Between 
Santiago and Pilén, little or no uplift seems to have occurred during 
the period of terrace formation. 

Uplift of the Sierra Maestra fault blocks, from the beginning of the 
displacement, has probably occurred intermittently and locally in much 
the same manner as in recent time, but it should be remembered that 
the major displacement has been the downfaulting of a considerable 
area lying south of the present coast. Each terrace represents one or 
more sudden uplifts of the land, and each uplift was accompanied by 
an earthquake. During the last 400 years, crustal activity has been great- 
est in the vicinity of Santiago, many strong earthquakes and several 
destructive shocks having originated in that area, whereas local earth- 
quakes have been relatively rare elsewhere in Oriente. 

Some terraces have been cut entirely in the older rocks, and some en- 
tirely in the Coastal limestone. Many have probably been formed partly 
by wave erosion and partly by reef building, a process that is common 
today. A few terraces viewed from the air look as though they had been 
formed before the last submergence, and later veneered with the Coastal 


limestone. 


PERSISTENCE OF THE FAULTING 


Individual faults were not traced more than fifteen miles, although 
many of them unquestionably persist for much greater distances, and the 
zone of faulting, of which they are a part, continues without a break along 
the entire south coast of Oriente. This zone apparently continues westward, 
along the northern margin of the Bartlett Trough, past the Cayman 
Islands and Misteriosa Bank into the Gulf of Honduras, and eastward 
across the island of Hispaniola by way of the great northern valley. The 
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A. AERIAL VIEW OF FAULT SPLINTER, SIERRA DE BONIATO SCARP 


As one fault dies out another continues the escarpment. See also Plate 60 


B. AERIAL VIEW OF TERRACES NEAR BAITIQUIR{ 
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A. AERIAL VIEW OF TERRACES NEAR PUNTA MAIS{ 


Looking across the relatively narrow terraces of Punta Negra toward the broader 
terraces near Punta Maisi. 


B. COASTAL HILLS BETWEEN THE SABANALAMAR AND THE IMIAS RIVERS 


Aerial view looking east from over the Rio Macambo. The hill between Yacabo Abajo and 
Imias rivers is also shown in Plate 84. 
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evidence, as presented in previous papers,*” is chiefly physiographic and 
seismologic. 

The Cayman Islands have been studied recently by Matley,** and, ac- 
cording to his description, they resemble the Cabo Cruz district except 
that the uplift has been less. Each island consists of an elevated inner 
platform, with maximum height of 140 feet above sea level in Cayman 
Brac, and an outer, coastal platform, which rises to a height of twelve 
to fifteen feet, the two being separated, at most places, by nearly ver- 
tical cliffs. The upper platform, consisting of limestone of shallow- 
water origin, uplifted without folding, shows a mature karst topography. 
The plateau limestone of Cayman Brac seems to be Oligocene, but on the 
other islands it is Miocene; the coastal platform is surfaced with Quater- 
nary limestone. Both the Tertiary limestone and the plateau erosion 
surface have been cut off by faulting, and the fault scarp notched by 
waves. Matley *® thinks that each island, and also the submarine Cay- 
man Bank, is a separate fault-block within a zone of inosculating faults, 
and that the submarine shelf corresponds very closely with the similar 
shelf of the north coast of Jamaica, which he considers to be post- 
Pliocene. 

Seismologic and physiographic evidence that the south side of the Bart- 
lett Trough is likewise determined by a fault zone has been presented 
previously.*° This zone seems to be similar in its characteristics to the 
northern zone, but a careful investigation of the coast of Jamaica should 
be made in order to obtain, if possible, geologic evidence indicative of 
the nature of the faulting. 

The two fault zones delineating the Bartlett Trough are not unique 
in the Antillean region; they are merely parts of a great system of 
east-west faulting that extends from the Virgin Islands westward as 
far as the Gulf of Honduras, if not farther, a distance of 2500 kilometers. 
Earthquakes are frequent in this belt, most of them originating along 
the steep slopes that enclose the great troughs of the region. 

The belt of high seismicity associated with the Antillean troughs 
extends into Central America and southern Mexico and, gradually curv- 


87 Stephen Taber: The great fault troughs of the Antilles, Jour. Geol., vol. 30 (1922) 
p. 89-114; The seismic belt in the Greater Antilles, Bull. Seis. Soc. Am., vol. 12 (1922) 

. 199-219. 
%C. A, Matley: The geology of the Cayman Islands, British West Indies, and their 
relations to the Bartlett Trough, Quart. Jour. Geol. Soc. London, vol. 82 (1926) p. 352- 
887. 

Tbid., p. 378-381. 

© Stephen Taber: Jamaica earthquakes and the Bartlett Trough, Bull. Seis. Soc. Am., 
vol. 10 (1920) p. 55-89; and papers cited under footnote 37. ; 
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ing northward, continues into California. The more persistent of the 
younger tectonic lines seem to follow the same general trend. Although it 
may not be possible to trace the Antillean fault system into Central Amer- 
ica, it must be regarded as one of the major tectonic features of the earth. 


NATURE OF THE FAULTING 


The Antillean fault system, of which the fault zone along the north 
side of the Bartlett Trough is a part, is so persistent that its general 
location and orientation could not have been determined by strictly local 
causes. However, the recent faulting in Cuba, which is mainly vertical, 
must be ascribed directly to local forces, even though the ultimate cause 
be much more widespread. Faulting dominates the structure of the north- 
ern border zone of the trough, where exposed in Cuba, and no evidence 
was found that would support the old theory of a synclinal structure for 
the trough. 

Matley,** discussing the origin of the Bartlett Trough from the stand- 
point of the Wegener hypothesis, suggests that it may have been formed 
by the widening of a fissure, and, in support of this view, he mentions 
the presence of low lands opposite low lands and mountainous country 
opposite mountainous country. But most of the evidence now available 
is not favorable to this hypothesis. The areal geology along the north 
coast of Jamaica does not match that of the south coast of Cuba; large 
vertical displacements have occurred recently along both coasts; the seis- 
mic zones, which coincide with the fault zones delineating the two coasts, 
continue across the Island of Hispaniola; the floor of the trough varies in 
depth, and its maximum depth is different from that of similar troughs 
elsewhere in the Antillean region. 

All the evidence obtained indicates that the recent faulting along the 
south coast of Cuba has been accomplished by forces acting vertically 
or nearly so, and not by compressive, tangential forces. The fault sur- 
faces exposed in excavations are almost invariably steeply inclined, and, 
where the direction of displacement could be determined, the faults are 
of the normal type. Foliation, schistosity, and similar evidences of com- 
pression are absent ; whereas rocks associated with steeply dipping thrust 
faults are usually intensely folded and buckled. The only folding ob- 
served is local, of minor importance, and antedates the recent block 
faulting. 

The Pliocene peneplain has been slightly warped in places as a re- 
sult of the uplift and tilting of fault blocks, but not in such a way as 


“C. A. Matley: op. cit., p. 383-384. 
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to indicate compression in a north-south direction. The fault blocks 
between Cabo Cruz and Guanténamo Bay have been given a northward 
tilt, but the plateaus and terraces near Punta Maisi have been uplifted 
with almost no tilting, and the local uplift near Manzanillo trends 
N. 30° E., oblique to the Turquino Range and the east-west faults. 

Fault splinters, such as those on the Sierra de Boniato scarp, and also 
the similar, but larger scale, en echelon faulting along the coast, com- 
monly accompany vertical or steeply inclined faults but not low-angle 
thrust faults. The longitudinal valleys between the Coastal Hills and 
the mountains are analogous to the subordinate fault troughs found in 
other regions of extensive normal faulting, and soundings indicate tie 
presence of similar, but larger, troughs near the base of the scarps that 
descend into the Bartlett Trough. Where very recent displacements have 
occurred, the ground is actually lower at the base of the fault scarps 
than at points a short distance away, which would be impossible with 
thrust faulting. The Puerto Pelado scarp is so fresh that it could hardly 
have been formed by modification of an overhanging scarp without some 
of the collapsed material remaining. 

If the present relief of the region were due to tangential pressure, the 
average altitude relative to sea level would have been increased instead 
of decreased, and the evidence indicates that the major relief feature, 
the great trough, has been formed by subsidence relative to sea level 
rather than by uplift of the areas on both sides. The faulting along the 
coast of Cuba immediately followed a long period of peneplanation, and 
there is no evidence of an up-arching of the region immediately prior 
to the faulting, such as has been suggested in connection with the origin 
of certain other fault troughs. 

Although the east-west faults of the region are believed to be nor- 
mal faults, those found on land are, for the most part, not due to gravity. 
The off-shore faults, however, are probably gravity faults, as the great 
trough has been formed primarily by the down-faulting of rocks of shal- 
low-water origin, the uplift of the rim, at least along the Cuban coast, 
being subordinate to the subsidence, and possibly a consequence of it. 

Although the trough is a very large relief feature and the faulting, 
as indicated by earthquakes, has not yet ceased, the few gravity deter- 
minations made indicate that the depression is approximately in isostatic 
equilibrium. The most logical explanation of gravity faulting in this 
area is change in density of the underlying material, and this may pos- 
sibly have resulted from magmatic differentiation and crystallization. 

It is difficult to understand why the density changes should be lim- 
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ited to a long narrow belt ; but perhaps the igneous activity occurred along 
a line of pre-Tertiary faulting, for the linear arrangement of volcanoes 
in some localities is due to their development along faults, and the vol- 
canic activity in the Sierra Maestra region may have originated along 
an east-west line. An enormous volume of volcanic materials from the 
interior of the earth was deposited on the surface, and this alone would 
necessitate considerable crustal readjustments if isostasy were to be 
maintained. Most of this adjustment, however, must have been com- 
pleted before Pliocene time. 

As a tentative explanation of the backward tilting of the borders of 
the trough, it has been suggested that it might be a result of the dip of 
the faults toward the trough,*? but this would not explain the late up- 
lift of small fault blocks some distance back from the rim, such as the 
Puerto Pelado and the Sierra de Boniato. Possibly the uplift of these 
small fault blocks is due to the intrusion, immediately under them, of 
magma which has been displaced by the subsidence of the trough. There 
is, however, no direct evidence of igneous activity in this district dur- 
ing the period of block faulting, although lavas extruded in Quaternary 
time have been reported in the southern valley of Hispaniola.** 

Seemingly, there is a direct connection between the subsidence of the 
trough floor and the uplift of the rim, for the deepest places tend to 
occur near the base of the scarp and near points where the rim is rela- 
tively high. Also, the area near Punta Maisi, which has been uplifted 
with practically no tilting, is a narrow strip between two depressions that 
in this vicinity are of approximately equal depth. 


SUMMARY AND CONCLUSIONS 


A thick series of stratified pyroclastic rocks, with contemporaneous 
intrusives, lava flows, and interbedded limestones, mostly Eocene in age, 
were laid down on a basal complex of metamorphic and intrusive rocks. 
The volcanic rocks are mostly andesitic in composition, but along the 
coast a batholithic intrusion of granodiorite is exposed. These rocks were 
tilted northwesterly, beveled by erosion, and, near Cabo Cruz, Santiago, 
and Punta Maisi, covered with Miocene marls and limestones. 

A brief renewal of explosive volcanic activity, probably during the 
Oligocene, resulted in the formation of an unusual breccia, found near 


Stephen Taber: Fault troughs, Jour. Geol., vol. 35 (1927) p. 600. 
#Ww. F. Jones: A geological reconnaissance in Haiti, a contribution to Antillean 
geology, Jour. Geol., vol. 26 (1918) p. 750-51. 
C. W. Cooke: Geological reconnaissance in Santo Domingo, Bull. Geol. Soc. Am., vol. 
81 (1920) p. 218. 


ae 
dis 


AES Vag UO SI Ofeqy ONY 
SUAAIY SVIWI AHL GNV OfVdV OAVOVA AHL NAAMLAG TIIH ‘IV.LSVOD JO MIA 


BULL. GEOL. SOC, AM. 


i 
VOL. 45, 1934, PL. 84 ia 
d ieee : 
\ 
ti 


BULL. GEOL. SOC. AM. 


“SOABD YIM paquIOdAIUOY SI JO 191) PUODS OYJ, UT paling eysty WoIy 


SVIWI AHL AO LSVA AO MAIA 


SUMMARY AND CONCLUSIONS 619 


the west end of the Turquino Range. It is composed chiefly of angular 
fragments of well-consolidated tuffaceous limestones ranging up to seven 
meters or more in length. 

After extensive peneplanation, faulting along east-west lines began 
in late Pliocene or early Pleistocene and has continued through Recent 
time. Instead of a single fault, there is a broad presistent belt of paral- 
lel and overlapping faults, which differ in length, amount of displace- 
ment, and relative age. The oldest, and highest, fault scarps are deeply 
dissected ; the youngest scarps have been slightly modified by sheet erosion, 
but show practically no dissection. The faults cut obliquely across the 
strike of the stratified rocks and dominate the topography and structure 
of the northern rim of the Bartlett Trough where it is exposed in the 
Sierra Maestra of southern Cuba. 

Between Cabo Cruz and Guanténamo Bay, uplift of the fault blocks 
has been accompanied by northward tilting, with the rejuvenation of 
streams on the back slopes and the formation of stairlike terraces on 
scarps along the coast. In the Punta Maisi district, uplift has been ac- 
companied by very little tilting, for the terraces are almost as high on 
the north coast as on the south. 

A widespread emergence, which accompanied or immediately followed 
the formation of fault scarps along the coast, is to be attributed largely to 
withdrawal of ocean water to form Pleistocene ice sheets. During this pe- 
riod the streams cut gorges through the Coastal Hills. Return of glacial 
water to the ocean is probably the chief explanation of the resubmer- 
gence during which coral limestone was plastered over the older rocks 
along the coast. Differential and intermittent uplift since this submer- 
gence has resulted in the formation in some places of beautifully pre- 
served terraces reaching a maximum height of over 300 meters, whereas 
in other places terraces are entirely absent. 

The faults are vertical or steeply inclined and are probably of the 
normal type, for there is no evidence of compression. Hypotheses as to the 
ultimate cause of the faulting along the borders of the Bartlett Trough 
must remain highly speculative until more is known about the tectonics 
of the entire surrounding area. 
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HAND SPECIMENS OF SNOWBANK SYENITE 


A shows no structure that can be mapped. C shows hornblende with a linear orientation, undoubt- 

edly caused by magmatic flow. B shows hornblende oriented at least partly by deformation after 

the rock was solid enough so that yielding was by granulation—the grains are pinched into augen. 
D shows syenite injecting slate. About half natural size. 
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STRUCTURAL STUDY OF THE SNOWBANK STOCK * + 
ROBERT BALK AND FRANK F. GROUT 


(Read before the Geological Society, December 29, 1933) 


CONTENTS 
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INTRODUCTION 


The Snowbank stock lies a few miles east of the productive iron mines 
of the Vermilion Range in Minnesota (Fig. 1). It is about three miles 
wide and nearly five miles long. Several compositional phases are in- 
volved, as described by Sanders. The mass seems to be a perfectly 
ordinary intrusive, analogous to hundreds of small intrusives in the pre- 
Cambrian rocks of the Canadian shield. It is well exposed on the shores 
of the lake and on some hills from which the forest growth has been 
burnt. Two prominent phases have been analyzed and others partially 
tested. Many Rosiwal measurements were made by Sanders.” 


* Manuscript received by the Secretary of the Society, December 30, 1933. 

+ Published by permission of the Director of the Minnesota Geological Survey. 

1C. W. Sanders: A composite stock at Snowbank Lake, Minnesota, Jour. Geol., vol. 
87 (1929) p. 135-149. 

2 Op. cit., p. 1433. 
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Figure 1.—Structural map of the region around the Snowbank stock 
Based on field work by C. E. Dutton, George Gibson, J. W. Gruner, and the writers. 


INTRODUCTION 


Analyses of Rocks at Snowbank Lake 


I II III 

99.62 100.32 


I—Fine syenite, intermediate phase, between Snowbank and Round lakes, 
S. W. Sundeen, analyst. 
II—Granite, late phase, from island in Sec. 35, T. 64 N., R.9 W. C. W. San- 
ders, Jr., analyst. Analyses of other phases are calculated from Rosi- 
wal analyses by Sanders, op. cit., p. 143. 
III—Syenite, porphyritic early phase. Louis Monson, analyst. 
IV—Medium syenite, second phase. Louis Monson, analyst. 


The work previously reported, however, leaves the student wholly in 
doubt as to the structure of the mass. Although it was called a stock 
there were suggestions of a sill-like relation at some places. Moreover, 
a similar looking mass at Kekequabic Lake has been interpreted as a 
sheet. The matter was deemed important enough for a careful test by 
the structural methods of Hans Cloos, which have furnished the basis 
for an interpretation of several complex igneous masses. The senior 
author arranged the expedition; the junior furnished the requisite expe- 
rience and skill in the structural methods; and Stanley Sundeen effi- 
ciently assisted in the field work. The surrounding district has been 
mapped by the Minnesota and the United States geological surveys * and 
recent detail has been added by the field work of several members of the 
Minnesota Survey to whom credit is due for the structures shown in 
Figure 1. Drafting has been done by Stanley Sundeen and Le Roy Has- 


senstab. 


8J. T. Stark: The primary structure of the Kekequabic granite, Jour. Geol., vol. 35 


(1927) p. 723-733. 
4U. S. Grant: Geology of the Snowbank Lake plate, Minn. Geol. and Nat. Hist. Surv., 


final rept., vol. 4 (1899) pl. 79. Clements, J. M.: The Vermilion iron-bearing district, 
U. S. Geol. Surv., Mon. 45 (1903) pl. 2. 
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GENERAL GEOLOGY 


The geologic setting and the sequence of formations are well indicated 
in the earlier reports cited. Archean greenstones and jaspilite were 
followed by the Knife Lake series, which is believed to be Lower Huronian. 
It consists largely of slates and conglomerates and has interbedded tuffs, 
agglomerate, and even an occasional lava flow. Some porphyries, prob- 
ably related to the agglomerates, intruded the slates. 

Into this series were injected two great batholiths and perhaps a dozen 
smaller masses of granite and syenite. The Snowbank mass lies east of 
the Giants Range batholith and southeast of the Vermilion batholith. It 
is a composite mass, ranging from early shonkinite through alkalic syenites 
to late granite. Two or three phases of syenite form rude belts and inter- 
penetrating areas in the main exposures, but the granite apparently rose 
somewhat later and found its way along the edges and into the wall rocks 
more easily than into the syenite (Fig. 2), so that only a few dikes of 
granite occur in the central area. The sequence of the several phases is 
clearly indicated, not only by the dikes of late phase cutting early syenite, 
but by fragments of the early phases in the late. The schistosity is greater 
near the syenite than near the granite, the latter forming abundant small 
dikes and sheets in the relatively little altered slates. Possibly the early 
syenite was hotter than the late granite, and very probably it was intruded 
more aggressively under higher pressure than was the granite, pushing 
on past the present walls, whereas the granite may have stopped at about 
the horizon now exposed. No discussion of the processes and loci of dif- 
ferentiation is attempted here. 

After the intrusion was complete, the region was eroded almost to the 
extent of exposing the igneous rocks now visible, before being covered 
with Animikie sediments and Keweenawan lava flows; and the great 
Duluth gabbro was injected as a thick sill or lopolith, following the nearly 
horizontal beds. Erosion has removed nearly all this later cover, but 
gabbro still forms the southern border of the Snowbank intrusive. The 
structures indicate, however, that the gabbro covers little of the mass. 


DESCRIPTION OF STRUCTURES 
METHODS 


The Cloos methods of structural survey, with good examples,® have been 
published elsewhere in English. The orientation of the several structural 


5 Ernst Cloos: Structural survey of the granodiorite south of Mariposa, California, 
Am. Jour. Sci., 5th ser., vol. 23 (1932) p. 289-304. Robert Balk: Structural geology 
of the Adirondack anorthosite, Min. Petr. Mitt., bd. 41 (1931) p. 309-434. 
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Figure 2.—Internal foliation and contact structures of the & 
Mapping of the stock is slightly modified from Sanders, and the structures ; 
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FIGure 3.—Flow line 


Average pitch is steeply to the southeast, bu 
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E 3.—Flow lines and some representative joints and dikes in the Snowbank stock 


1e southeast, but individual observations differ considerably from the average; note the vertical pitch at 
ithwest and the horizontal pitch at the small island in the eastern part of the lake. 
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Figure 4.—Detailed map of structures in a rocky hill ¢ 


Joints shown as far as exposed. Directions of hornblende crysta 
schlieren dikes, oblong blocks. Lamprophyres, black or shaded. N 
development of ‘“‘marginal joints.”’ Compare figure 10. 
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Figure 4.—Detailed map of structures in a rocky hill along the southeast contact of the Snowbank Lake syenite 


s shown as far as exposed. Directions of hornblende crystals projected to the horizontal surface as short dashes. Phenocrysts in 
dikes, oblong blocks. Lamprophyres, black or shaded. Note the fragmented basic dike in the upper left-hand corner, and the 
ent of ‘‘marginal joints.” Compare figure 10. 
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elements was mapped with Brunton compass and plotted to a large scale. 
The maps here given show some generalizations and a few representative 
records of the observations made in the field. 


CONTACTS 


Actual contacts of the intrusive and the wall rocks are exposed at few 
places and through no great vertical range. Those seen are steeply in- 
clined and correspond perfectly with the internal structures of the intru- 
sive and the contact metamorphic structures in the wall rocks. It is, thus, 
clear that the structures in the wall rock and in the intrusive show the 
attitude of the contact even where the contact itself is not visible. Con- 
tact of the early augite syenite with conglomerate is seen in a ridge on 
the line between Sections 31 and 32, T. 64 N., R. 8 W. For a few 
feet it stands vertically, and the nearly vertical foliation in both rocks 
over a wide area indicates that the contact is probably vertical to great 
depths. 

The late granite is in almost vertical contact with conglomerate on the 
west side of the lake in the SW 14 Section 26, T. 64 N., R.9 W. Here, 
as in most places, the granite is almost massive and devoid of foliation 
and linear parallelism even near the contact. 

The granite contacts in Section 3, T. 63 N., R. 9 W., are partly covered 
with forest growth but are injected lit-par-lit, and the attitude here also 
is nearly vertical. 

Other contacts are exposed, but the igneous bodies are not visibly con- 
nected with the main intrusive—they may be apophyses. Those easily 
accessible include: the hill north of a large island in Section 19; the main- 
land east of the center of the large island in Section 31; and the bay west 
of the center of Section 29. All these have steep dips in conformity with 
the structures in the rocks near by and may safely be taken to indicate 
that the structures in other places around the mass show the attitude of 
the contacts, even though the latter may be concealed. 


FOLIATION 


The foliation (Fig. 2) roughly “boxes the compass” around the mass. 
Nearly all the way the dips are steep and at many outcrops vertieal. 
Most of the structures observed are near the borders of the mass and in 
the contact rocks for a few yards outside. In the center of the stock the 
rocks show little structure except for the irregular injection of one phase 
of the magma into another. Where the syenite rather than the granite 
forms the border of the stock there are several features marking the folia- 
tion; namely, inclusions, schlieren, and schlieren dikes—dike-like cross- 
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cutting streaks with gradational contacts and much the same minerals as 
the main mass, but in slightly different proportions, or with different 
textures. 

The conglomerates and slates are intensely deformed within a few yards 
of the contact, and the platy foliation is clear. The foliation shown in 
Figure 2 by heavy lines is not bedding. The lighter symbols roughly 
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Figure 5.—Irregular lamprophyre cut by both aplite and pegmatite 
On the east line of Sec. 31, T. 64 N., R. 8 W. 


indicate the bedding; but near the intrusive all the beds are so closely 
folded that the limbs are nearly parallel to the foliation. Some traces 
of the foliation can be found more than half a mile from the main mass 
in several directions, corresponding closely to that in the intensely de- 
formed rocks near the contact (Fig. 1). It is well marked in some large 
exposures in the bluffs on the north and northeast sides of the lake, and 
appears nearly everywhere that pebbles are visible in the rock. Locally 
the slates northwest of the mass strike almost at right angles to the 
boundary; but the features there shown are beds in which there is little 


syenite 
at 
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cleavage. Close to the intrusive both beds and cleavage turn parallel to 
the contact. Thus, the foliation mapped in Figure 2 is the metamorphic 
secondary structure, the sedimentary bedding being indicated roughly by 
the changing pattern. In two excellent exposures it is possible to see that 
the elongation (stretching) of pebbles and the resultant cleavage are 
constant, regardless of the crumpled bedding; one of these is in the 
hill east of the lake near the line between sections 29 and 32. 

The relation of wall-rock structure to the intru- 
sive is also clear southeast of the lake in Section 32, 
where a syenite lobe projects eastward, and there are 
some granite “blow outs” ® around which the main 
foliation turns a definite corner. 

The foliation at the southwest side of Round Lake 
(the small lake southeast of Snowbank Lake) dif- 
fers from that of the rest of the area. Here the sye- 
nite injects the slates lit-par-lit and forms a con- 
spicuous injection gneiss (Pl. 86, D). This same 
area is part of the belt in which the gabbro intru- 
sive might have modified the material of the stock at 
a later date. The hornblende needles appear crushed 
into lenses, and their orientation might have been = 
determined largely by the gabbro. When plotted, P1908" 6.— Lampro- 
however, all structures in 86, 
fall into a single system, and it seems likely that velnneemen 
none of them has been much changed since the solidi- 
fication of the stock. 

An area showing well the igneous foliation is the bare rocky hill south- 
east of the main lake, forming a divide between Snowbank and Round 
lakes, Sec. 31, T. 64 N., R. 8 W. (Fig. 4). The intrusive shows several 
streaks, or schlieren, varying from a few feet to 300 yards in length. Per- 
haps the most interesting are some porphyritic schlieren-dikes, easily seen 
but not at all sharply separated from the fine syenitic walls. Equally 
important is a lamprophyre, remarkably fragmented but easily followed 
for 300 yards west of the area shown. Neither of these structures attains 
a thickness of more than twelve inches in the outcrop. Pegmatites and 
aplites, clearly related to the main mass, cross the schlieren and lampro- 
phyres; at some places even the syenite from the walls of the dikes in- 
jects the dikes, showing that fractures and lamprophyres developed early, 
long before the final solidification of the mass. The syenite must have 


6 A miner’s term for small irregular intrusives, possibly small chonoliths. 
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become stiff enough to develop glide planes, or to shear if not actually to 
fracture, but it still had liquid fractions enough to fill the fractures or 
inject the glide planes. Late liquid fillings included all these varieties— 
syenite, lamprophyres, aplite, and pegmatite. Many exposures confirm 
this idea of a mixture of crystals and liquid (Figs. 5, 6, 7, and Pl. 87A). 
The dismembered dikes resemble those in the migmatites of Finland.” 
In a few outcrops well within the syenite mass, and in most of the 
granite, foliation is almost lacking. However, some joints, which evi- 
dently formed early, are, locally, for a few inches, 
parallel to feldspar plates. It is not certain 
whether the joints followed a platy structure, 
or the plates were oriented by movement along 
the joints. The structures are not regular, and 
no importance is attached to the occurrence. 
Various shonkinite inclusions have evidently 
given rise to dark schlieren in the syenite. These 
have no uniformity in position (Pl. 87, B). 


FLOW LINES 


Flow lines appear chiefly in the rocks already 
noted as having platy foliation. In the intru- 
sive there are hornblende needles (Pl. 86, C), 
slightly elongated feldspars, and spindle-shaped 
schlieren or inclusions. No chains of inclusions 
were noted; on the whole, inclusions are not 
Offset by faults, and with abundant, but the structures are clear without 
crystals oriented at an an- 
gle to both the dike and them. Some inclusions may be early segregated 
cg pote ae phases of the syenite magma, for they grade into 

T. 63 N., R. 9 W. the syenite at places and have igneous textures 
(Pl. 87, B). 

In the walls of the intrusive, the rocks are intensely deformed, and the 
schistosity is marked by needle-like amphiboles in addition to the crumpled 
foliation. The pitch of the needles is well shown at many places, one of 
the best being the exposure in the southeast part of the area, shown in 
Figure 4. All along the east side of the intrusive, and to some extent on 
the west also, there is a stretching of the pebbles of the conglomerate into 
cigar-shaped magges that show clearly the linear orientation (Pl. 88, A). 
Finally, at thoge places where the walls were slaty rather than sandy or 


Figure 7.— Lamprophyre 
dike 


7J. J. Sederholm: On Migmatites. I. The Pellinge region, Comm. Geol. de Fin- 
lande., Bull. 58 (1923) p. 143. 
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pebbly, the axes of the crumpled folds pitch in the direction of elongation 
of the linear elements. 

A particularly instructive group of exposures may be seen in the bay 
in the southwest part of Section 26, T. 64 N., R. 9 W. A narrow belt 
of slate lies along the water’s edge on the west side of the bay, striking 
northward to the most westerly part of the bay. Here a rock knob projects 
into the bay and exposes crumpled slate on one side and conglomerate on 
the other. The linear elements are clear—axes of folds in the slate and 
elongated pebbles in the conglomerate—and they agree in their projected 
direction and pitch. 

At a few places along the northeast shore of the lake the axes of 
ptygmatic folds also indicate the direction of maximum lengthening. 
Nearly all these linear structures pitch . 
steeply, most of them ranging between § 
60° and 90°, as shown by the map. #& 

The early development of the linear fag 
features, as contrasted with a possible baumoy 
later metamorphic origin, is indicated 
by the lack of such linear patterns in FIGuRE 8.—Dike eight or ten inches 
the aplites and the pegmatites. These wide at southwest end of island in 
cut the stock and its wall rocks for a 
It seems to have been lamprophyre 
distance of about a mile; but outside disrupted by later syenite, but the 
of that area they are so few that their ‘ete closely resembles the wall 
genetic relation to the main stock is 
certain. The aplites, in fact, are hardly distinguishable from the granite 
of the late phase of the stock. These aplites and pegmatites fill cross joints 
in the slates and conglomerates (Pl. 88, B) as if the structures were at 
least in process of formation when the aplites were still liquid. 


DIKES AND JOINTS 


Schlieren dikes and some of the aplites, pegmatites, and lamprophyres 
have already been mentioned. Joints and dikes of important groups have 
been plotted for the area in Figure 3. They fall into certain systems 
which have been found characteristic of dynamically aggressive intru- 
sions. The two sets most clearly noted in the Snowbank area are (1) the 
joints and dikes which follow the foliation, and (2) those which lie at 
right angles to the linear structures—the “cross joints” and dikes (PI. 88, 
B). A noteworthy lamprophyre on the northeast shore of Boot Island, 
the largest island in Snowbank Lake, lies in a nearly horizontal position. 
This is, therefore, about at right angles to the maximum lengthening of 
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the mass, but the linear structure is not clearly shown near the dike. 
As the foliation is concentric, one set of joints following that structure, 
“boxes the compass” around the mass. 

The joints and dikes of Figure 3 are partly radial and partly con- 
centric, but the systems are obscured by others which are probably regional 
and superposed by later movements related to the Keweenawan syncline 
and injection of the nearby gabbro. 

The flat-lying joints (cross joints) and dikes are characteristic and 
regular. A large per cent of them dip only a few degrees to the north 
at right angles to the maximum lengthen- 
ing of the mass and its linear minerals. 

A number of small dikes are offset by 
small faults, but no system in the deforma- 
tion could be discovered in those recorded. 
On the average, the differential motion for 
the whole district seemed to show that the 
rocks on the east and northeast sides of 
the faults moved north and northwest. 
Diagonal “tension joints,” some filled 

syenite with aplite, are of considerable importance 
Light stippled areas are aplitic in interpretation, but are not numerous. 
toltated me They dip toward the center of the stock. 
dium-grained syenite. Note the An example of joints in such diagonal 

bending of the foliation near the oe ° 
efges of the blocks. position may be seen in the area shown in 
Figure 4. Some of the aplites in the 

southwest part of Section 26 may also be in the diagonal system. 

Later diabase dikes, related to the Duluth gabbro and to the regional 
Keweenawan deformation it imposed upon the mass, run mostly north- 
west or north, away from the gabbro area, and most of them are not over 
a mile from the gabbro outcrops. This strike is close to the strike of 
the other dikes, but the petrographic features of the other dikes make it 
clear that they are more closely related to the intrusion of the syenite. 

Early phase syenites have locally block structures in a matrix of aplite 
or lighter syenite (Fig. 9). Outcrops are not abundant, but a good ex- 
ample may be seen in the saddle along the divide between Snowbank and 
Round lakes, Sec. 31, T. 64 N., R. 8 W. There are no sharp contacts 
between the blocks and matrix, but the matrix runs into or out from the 
blocks forming a “schlieren breccia.” As the blocks are foliated (Fig. 9) 
and the matrix is continuous with the lighter bands in the foliated blocks, 
the structure might be attributed to lit-par-lit injection. The possibility 
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CONGLOMERATE AND APLITES AT SNOWBANK LAKE 


A. Bedded conglomerate at the outlet of Snowbank Lake. The pebbles are slightly de- 
formed, and the longest axes are approximately parallel to the sandy beds. Some outcrops 
show more deformation, and at other angles. Photograph by George Gibson. 


B. Aplites filling cross joints in a slate on the northwest shore of Snowbank Lake. 
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should be kept in mind, however, that the aplite may have been squeezed 
out from the blocks at a late stage rather than injected into them. Criteria 
to distinguish injection from filter-pressing are elusive. It was hoped 
that the bending of the foliation or the motion of the smaller fragments 
might indicate the direction of motion of the aplitic phase, but the evi- 
dences are slight. The bending foliation suggests a drag by the friction 
of adjacent blocks rather than any motion of the. aplitic magma. 


INTERPRETATION OF STRUCTURES 


Structures which stand parallel to contact walls of an intrusive like 
those in the Snowbank stock might be interpreted in two ways. (1) The 
schistosity of the wall might be parallel to the contact because it developed 
normal to the direct outward pressure of the liquid magma against the 
wall; and the orientation of planes and lines inside the intrusive might 
be a result of motion of intrusion or circulation along the wall during 
crystallization. (2) The explanation favored by Cloos and his followers 
is that the intrusive mass heats its walls to a “mushy” consistency, and 
at the same time the intrusive cools to partial crystallization, becoming 
almost equally “mushy.” As all this happens before the intrusive motion 
is complete, the act of intrusion, especially toward the close, deforms the 
whole complex as a unit. The central part of the mass moves farthest, 
but between that and the distant, relatively stationary, part of the wall 
there is a dynamic zone in which most of the linear elements are dragged 
into parallelism, and many equidimensional] constituents are deformed 
into linear aggregates all pointing the same way. 

Most of the structures noted at Snowbank Lake fit equally well in either 
interpretation, but one set of dikes and joints is explained only by 
the tension set up during viscous drag, such as is postulated by Cloos. It 
becomes increasingly more evident that, for siliceous magmas at least, the 
Cloos school of geologists find that the weight of evidence favors their 
ideas of the mechanics of intrusion and of the consistency of the magma. 
The concluswe structures at Snowbank Lake are the joints and the aplites 
which dip diagonally (obliquely) downward from the wall rock into the 
intrusive. That these joints were “open” joints is indicated by the fact 
that some are filled with aplite. Their diagonal position suggests that the 
“tension” results from a greater upward motion in the center of the stock 
than in its bordr zone and wall (Fig. 10). Such joints may be seen 
in Section 31 along the south side (Fig. 4), and aplites in diagonal posi- 
tion occur near the contact in the southwest quarter of Section 26. As is 
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pointed out by Cloos,* joints and open crevasses in this characteristic 
position—i. e., dipping obliquely downward into an intrusive, or pointing 
obliquely “upstream” from the lateral borders of a valley glacier—are 
caused by the tension which results from the marginal retardation which 
the flowing mass engenders along the border walls. Each particle in the 
mass is being drawn out obliquely upward (in the syenite), or forward 
(in glaciers), about normal to the joint planes. » 

With this preliminary conclusion as to the interpretation of the struc- 
tural features, the larger features of the whole area may be summarized. 
The intrusive seems to have risen as an elliptical chimney-like mass, 
nearly vertically but leaning a little to the north. The contact walls are 
nearly vertical and extend downward indefinitely. There is perhaps a 
little more tendency for the north contact to dip south than for the south 
side to dip. The later gabbro may have disturbed this south side a little, 
and if that local structure is disregarded the present actual structures show 
a practically uniform chimney. If the vertical dip near the gabbro is 
projected there is a slight reduction in size with depth rather than any 
increase. This is a minor feature, however, and the mass is essentially 
chimney-like. 

REGIONAL SETTING 


Before the mechanism of intrusion can be discussed with completeness 
there must be some data as to what became of the rock that was formerly 
in this space now occupied by the stock. Was it assimilated, or stoped 
into the depths, or thrust upwards, or crowded aside? The answers must 
be based partly on the features of the mass itself and partly on the detailed 
mapping of the surrounding region. 

It has taken several seasons of detailed study by Minnesota Geological 
Survey parties to gain a satisfactory notion of the regional structure 
around this stock. Figure 1 is a preliminary sketch of the results, but it 
is believed to be nearly correct. The main trends of the regional struc- 
tures, axes of folds and greatly elongated belts, seem to be determined by 
the two great granite masses, Vermilion on the north and Giants Range 
on the south. Along these the sediments stand nearly vertically, in iso- 
clinal folds, with beds pinched thin. In the center of the belt between 
the batholiths, the folds are more open, but the main trend is clearly about 
N. 70° E. The Snowbank stock broke into this structure with a thrust 
that clearly deformed the rocks around the stock, and the strike is modi- 
fied for considerably more than a mile from the intrusive. At some places 


8H. Cloos: Zur Mechanik der Randzonen von Gletschern, Schollen und Plutonen, Geol. 
Rundschau, vol. 20 (1929) p. 66-75. 
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the igneous rocks clearly transgress the ends of a belt of sediments—no- 
tably in Section 24, where a slate anticline is traced directly down to the 
lake. Nevertheless, very little of the slate can be said to have disappeared, 
for at least one limb is turned south and can be traced far down along 
the west side of the lake. It has, no doubt, been much thinned by the 
pressure of the intrusive, for some pebbly beds have the pebbles greatly 
deformed—pebbles that were nearly spherical are now about 2x 442x114, 
inches, and even flatter than that. Probably many of the beds are less 
than one-third their original thickness. 

The structure in the southern part of Section 32 also clearly indicates 
the deformation far outside the main mass. There is a finger of fine 
syenite in the southwest corner of the section, and there are granite “blow- 
outs” as far east as the center of the section. The bedding in the sedi- 
ments bends around this projection, and the bend is sharp for over half 
a mile from the syenite mass. 

Figure 1 shows, also, that a prominent syncline swings around from 
southwest to northwest to northeast to southeast of the mass. Most of 
the way it is about a mile distant from the intrusive, but the axis crowds 
close to the igneous rock at the southwest and swings farther off to the 
east on the east side. The anticline in Section 24 is a minor fold, crossing 
this remarkable curving syncline. The limbs of the syncline are pressed 
close, and beds are at most places vertical. 

As the intrusive lies centrally in this folded structure, everywhere bor- 
dering on beds that have been dragged upward from the syncline, it may, 
in one sense, be said to occupy an anticline ° or dome; but the dome is so 
steep as to be, in reality, a cylinder which has been dragged upward. No 
doubt there was an upward push on the roof, besides the outward deforma- 
tion and the upward drag of the walls at the time of intrusion. 


MECHANICS OF INTRUSION 


Assimilation, if it had occurred in amounts needed to make space for a 
stock, should be evidenced locally at many contacts of the mass where it 
might have dissolved a good deal of dark biotite schist. No such relation 
has been detected. On the contrary, the dark rocks are largely in central 
patches and belts, whereas the granites that are lightest are along the 
borders and in outlying satellites of irregular form. 

Any stoping that occurred should be evidenced by the occurrence of 
xenoliths and a blocky form of boundary. Xenoliths are remarkably rare, 
and the outline of the mass seems to have resulted from a series of elon- 
gated lenses, or elliptical chimneys, intruded in rapid sequence. 


®° Sanders’ work, cited above, led him to believe the surrounding structure anticlinal. 
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Neither assimilation nor stoping should modify the structure of the sur- 
rounding country. On the contrary, an intrusive that lifted its roof, 
or one that crowded its walls, should show in the walls evidence of that 
deformation. The structure just described, and mapped in Figure 1, 
is believed to show almost conclusively that the main action was a crowd- 
ing aside of the walls under conditions favoring rock flowage by recrystal- 
lization. This action seems to be so extensive that there is little need to 


4 miles 


Figure 11.—Southeast-northwest section through the Snowbank Lake syenite stock 


Along the borders, the syenite varieties are accompanied (and intruded) by granite 
(lighter shading). Note the development of marginal joints and aplites, dipping ob- 
liquely into the intrusive. Those along the southeastern contact are shown in detail 
in Figure 4; gently dipping aplites at the northwest contact in Plate 88, B. Details are 
observed ; the vertical scale is greatly enlarged. 


appeal to stoping or to assimilation. A succession of intrusives made 
room for themselves by crowding the deep walls aside and possibly, in 
part, by upthrusting a roof that has long since been eroded. Each in- 
truded the earlier igneous rocks as well as the walls, but found the contact 
of the early stock the most favorable place to rise; so that the granite of 
the latest phase rose around the outside of the syenites. The dynamic 
period must have ended about the time of granite intrusion, for that rock 
shows little internal structure, and the aplites and pegmatites are prac- 
tically massive. 
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This notion of the mechanics of the intrusive action and the resulting 
form, amply confirms Sanders’ name for the mass. It is a stock. 

Since it is one of a large group of stocks that seem to be typical of the 
Lake Superior region, and probably of the whole Canadian Shield, the 
importance of this structural study by Cloos methods is considerable. It 
may perhaps raise a question as to the structure of the nearby Kekequabic 
mass, which seems similar in many ways but was mapped by Stark ?° as 
having come in with a more nearly horizontal motion. The exposures 
are so much better at Snowbank that they should be considered a better 
basis than the Kekequabic exposures for estimating the probable forms of 


other stocks in the region. 


SUMMARY 


The Snowbank mass is a stock about three by five miles across, resulting 
from a series of magmatic invasions forming rocks which range from 
early dark syenites to late pink granites. In the interior of the composite 
intrusive there are irregular contacts of the several successive phases, which 
tell very little as to its form or method of intrusion. Near the borders 
a little careful work discloses a foliation and a linear orientation (stretch- 
ing) which fall into a well-marked system, coinciding with evidence from 
the joints, dikes, and wall-rock structures. The general elongation of 
the mass is upward to the north at an angle of some 10° to 30° from 
vertical. 

The several structures clearly show that the mass rose as an elliptical 
chimney, crowding aside its walls so that the schists were deformed in the 
now-exposed surroundings for about a mile from the igneous rock. The 
last magma to rise was the granite, and it appears to have found the early 
syenite so solid that it made its way mostly along the borders or in small 
irregular fingers in the schist. The granite and the pegmatites show little 
foliation or other structures. There is slight evidence in the petregraphy 
of the exposed rocks that there was any assimilation, and there are few 
inclusions except those of early syenite in later syenite, so that stoping 
is not indicated. Neither of these processes need be appealed to, because 
the intrusive evidently deformed its wall rocks enough to explain the space 
now occupied. All the wall rocks exposed were in the zone of prominent 
rock flowage at the time of intrusion, but possibly above these rocks now 
exposed, the stock may have lifted its roof by faults or thrusts. It is 
believed that this method of intrusion is typical of many masses in the 


Canadian Shield. 


J. T. Stark: op. cit. 
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UNITY OF PHYSIOGRAPHIC HISTORY IN SOUTHWEST 
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INTRODUCTION 


This study ? is concerned with the topography and geologic history of 
that part of Norway lying between Trondhjem and Bergen and between 
the west coast and the Swedish boundary. One is much impressed with 
the grandeur of the fiords and the beauty of the falls—more, perhaps, 
than with any other part of the scenery. The fiords have given physi- 


* Manuscript received by the Secretary of the Society, December 28, 1933. 
1Given, before written, at the meeting of the Ohio Academy of Science, April 29, 1932, 
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ographers much to debate, but there are other features as unique as they, 
and fully as interesting when interpretation is undertaken. 

Approaching Norway from the west, one first sees thousands of low, 
rounded, rock islands, then peninsulas and channels which grade into true 
fiords. Above the fiords are many gorges, often terminating at great, 
beautiful waterfalls or cascades. Above the falls the streams flow in old 
valleys, parts of the old upland surface. Considerable portions of this 
upland are still covered by sheets or caps of glacier ice. 


DESCRIPTION 
ISLAND ZONE 


The great skerry-fence, or area of islands and channels, presents char- 
acteristics which may be helpful in an explanation of the whole physio- 
graphic scheme, for no interpretation of one feature can be correct if it is 
out of harmony with that of the other features. Most of the islands are 
bare rock. They are relatively, and generally, low, and rise from shallow 
water. As first seen from the sea approach, they occupy only ten to twenty 
percent of the whole area. The water usually is so shallow that naviga- 
tion requires much care. Summits are rounded and rather uniform in 
height in a given locality, but have diverse average heights in adjacent 
areas. 

The altitude of the islands increases toward the mainland. Likewise, 
both areas and frequency increase until half the surface is covered by 
islands. Then cross-waterways become rare, as peninsulas increase in 
number, and cross-valleys, carved nearly to water level, appear. Drift 
patches cover parts of the rock surface; moraine and boulders are found 
on the bottoms of the channels, which, in turn, are deeper and safer for 
navigation. Thus, one comes into topography rather distinctly fiord-like, 
with slopes, still rounded at the top, much steepened and polished toward, 
and below, the water. 

These thousands of islands consist, for the most part, of hard crystalline 
rocks. A few are of sediments, and rarely there is one of drift protected 
by boulders. All are glaciated and effectively stripped of soil and mantle 
rock. They support little life and so little vegetation that the smoothed, 
striated rock is exposed nearly everywhere. The most striking and sur- 
prising thing about them, especially after one has noticed the really strong 
relief in the fiord sections, is the low rock relief in the island zone. 

On the borders of many islands and in the mouths‘of some of the fiords 
is found a terrace form, called a strandflat, which is a significant feature 
of the island zone. Ships in Norwegian waters have most of their naviga- 
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tion trouble in this island area. There is plenty of water area, but the 
water depth is meager and treacherous. A pilot is taken on almost as 
soon as land is sighted, and he does not step off until the dangers of this 
zone are passed on the return trip. 

If the water were removed from a belt, ten to twenty miles wide, encir- 
cling the Norwegian coast, the land surface thus revealed would resem- 
ble a peneplain. It would look much like the uplands when free from 
ice-cover, even to the appearance of thorough glaciation. Rock siopes, 
both above and below water, are rarely more than 200 to 300 feet in a 
mile, and many are notably less. Such slopes could persist only if the 
land remained near sea level, or effectively covered by ice or sea. Should 
this area be elevated so that valley floors were 500 feet above the sea, 
streams would quickly entrench themselves, carving youthful valleys, just 
as they have cut through rock sills between basins in valleys above fiord 
water level. It must be true, then, that this island zone has not been far 
above sea level since streams reduced it to old age. 


FIORDS 


The fiord valley has all the characteristics of a glaciated valley, being 
long, narrow, straight, with uneven floors whose basins are separated by 
sills, frequently of rock, but occasionally of drift. Fiords lead back into 
the land whose drainage pattern is more rectangular than the ordinary 
dendritic. From the islands of the outer zone, with altitudes of 25 to 100 
feet, the average height gently increases through the fiord zone to the 
uplands, where interrupted glaciated rock surfaces of fairly level aspect 
occupy 50 to 75 percent of the area. Lateral and end valleys, tributary 
to the fiord, are often similar to the master fiord at their lower ends; 
but, a short distance up, their fresh waters are divided from the salt 
waters of the main fiord by moraine or by rock lips or ledges across the 
valley, and higher above sea level lakes, rising step by step, are strung 
along the valley. Old abandoned high-level deltas are common any- 
where from 25 to 300 feet above sea level, and several of them can be seen 
in one fiord valley. 

GORGES 


Beyond the fiords lies the gorge section. Many streams dash from the 
high uplands in great falls and cascades, rushing and roaring through 
gorges of varying length. Some such gorges are one-half to one mile long; 
others are only a few hundred feet, and a few are just begun (PI. 89, A). 
Some are several hundred to a thousand feet deep, and occasionally more 
than one waterfall steps the water down. Just as the island and fiord por- 
tions of the topography show clear evidence of having been glaciated, so 
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these gorge sections are equally clearly not glaciated. They are carved in 
an upland glaciated surface, but are themselves postglacial. Some gorges 
lead down to the upper ends of fiords; others join laterally. Some lead 
to large or deep glaciated valleys which contain no sea water and yet are 
glaciated, smoothed and basined like fiord valleys. The gorges are being 
extended headward by the recession of falls. Some already reach back 
nearly to the ice; others have some distance to go before reaching the 
margin of the ice or the extremities of valley dependencies ? of ice caps 
in old high-level valleys. The falls and heads of gorges appear to be 
following the ice back as it recedes, century after century. Some gorges 
have fine growths of timber (Pl. 89, B). There seem to be plenty of mois- 
ture and less destructive winds than in more exposed places, so that slopes, 
terraces, and talus have been clothed with forest cover. 


UPLANDS 


The upland surface above the gorges and the falls contains thousands 
of square miles and is partially occupied by ice caps. The largest is 
Jostedalsbraen, lying northward from the upper half of the Sogne Fiord, 
nearly midway between Bergen and Trondhjem. It stretches along the 
upland in a northeast-southwest direction for 55 miles, attaining altitudes 
of 5000 to 6500 feet, and sprawling laterally on the upland in broad lobes, 
two to ten miles long, with outliers which extend the total breadth to 
possibly 30 miles. The total area of ice probably does not exceed 500 to 
600 square miles, or one-third of the product of length and breadth of 
the cap. Within this whole ice-cap area the upland, which is free from 
permanent ice, probably occupies an additional 600 square miles, while 
fiords, and gorges and their steep walls may occupy another 400 square 
miles. More than 50 other considerable ice-cap areas occur for 75 miles 
south of Sogne Fiord and northward nearly to Trondhjem. North of 
Trondhjem are 30 or more patches, scattered over the uplands to the lati- 
tude of Lofoten Islands. Seven others are mapped north of the Lofoten 
group, but all the 85 to 90 patches combined probably do not much exceed 
the area of the grand Jostedalsbraen. 


Ice-free uplands 


Beyond the fiords east of Bergen, sprawl large remnants of the open 
ice-free uplands, scattered about among the ice caps with an aggregate 
area of a thousand square miles. North of the Bergen-Oslo railroad, in 
an upland belt, 75 to 80 miles wide and 200 miles long, reaching almost 


2F. Carney: Valley dependencies of the Scioto Illinoian lobe in Licking County, Ohio, 
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to Trondhjem, spread great ice-free areas. Most of them are 3000 to 
5000 feet in altitude ; some exceed 6000 feet, and occasionally old rounded 
summits rise to 7000, one to 8500 feet. This last is 50 miles east of the 
large ice-cap summit. Note that between the highest ice surface, 6500 
feet, and the highest rock summit, 8500 feet, the difference in elevation is 
only 2000 feet, and the distance is 50 miles. Except for fiords and gorges 
(both rare) there is little land whose elevation is below 4500 feet between 
these points, and few slopes steeper than 300 to 500 feet in a mile. A 
few slopes are steep, as if plucked or carved by ice. If one discards half a 
dozen summits and forgets the gorges and fiords, he will sense here, in 
central Norway, an area of 30,000 to 40,000 square miles with a relief of 
2500 to 3000 feet and slopes ranging from one in 500 to one in 10 feet. 
Barrenness, however, is the most appealing characteristic. Great stretches 
of smooth, rounded, old topography expose beveled structures in ancient 
crystalline rocks, partly igneous, partly metamorphic, and several areas 
of Paleozoic sediments, usually more or less metamorphosed. This topog- 
raphy, instead of being mantled to a consistent depth, is practically bare 
rock, scored, smoothed, and often polished by glacial action. Boulders are 
scattered about (Pl. 90, A), and patches of gravel and drift alternate with 
considerable areas of water ; but it is, to a large degree, a bare, hard, rock 
surface. Vegetation is scarce ; trees, almost unknown ; grass, rare ; mosses, 
lichens, and a few shrubs have gotten a footing; few peat bogs have yet 
come into existence. The area can be seen in many places by ascending 
lateral or end valleys from the fiords. One can see it conveniently by 
taking the Bergen-Oslo railroad, stopping off at Finse, Opset, or Vossli, 
and tramping out over it. The tourist on this route motors over this 
upland surface for many miles from Finse and down to Eidfiord (Pls. 
91, A and B). It can be seen, too, in various places around the great ice 
cap, Jostedalsbraen, north of Sogne, where one can penetrate an arm of 
Sogne, procure a guide, climb to the top, proceed across the ice cap, and 
come down to fiord level at Olden. In this area the ice cover dominates the 
peneplain ; in the other, the rock surface is dominant. 

The ice covers have receded so far that they are almost limited to the 
peneplain. Along their margins are noses, the remnants of valley depend- 
encies (PI. 90, B), which start down valleys but melt as fast as they flow. 
A few such noses attain lengths of half a mile, but at present the valleys 
are remarkably free of glacier ice. The ice cap is much more lobed and 
nosed where it spreads over divide areas (remnants of the upland) than 
where it reaches down valleys. If one looks beneath, and around, the ice 
caps, he perceives that this great upland surface resembles vividly an old- 
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age erosion surface, now at considerable altitudes and still widely undis- 
sected. 

It seems obvious to an observer who has viewed it from many places 
and at many altitudes that the upland continues westward, down over the 
gorge and the fiord belts, to the island ‘areas, decreasing in height to the 
western edge of the islands, and on down beneath the sea to form the 
broad submerged platform beyond. The upland likewise extends eastward 
into Sweden and descends to lowlands along the Baltic. The relief on 
the platform of the island zone is slight and, even in the belt dissected by 
the fiords and gorges, it is not much greater, if these dissections are ex- 
cepted. It is characterized by easy grades and even less relief over the 
interior of Norway. Where the fiords occur the total relief is strong, 
not only because the fiord walls rise high above the water, but because they 
go far below water level to depths of hundreds, and occasionally thou- 


sands, of feet. 
SUMMARY 


Thus, in this fiorded coast portion of Norway are four extensive well-de- 
veloped types of topography to interpret: (a) the “skerry-fence” of 
offshore islands and slightly attached peninsulas with a strandflat border- 
ing many of the lands; (b) the typical fiords, with some tributary chan- 
nels entering at right, and some at oblique, angles; (c) the unglaciated 
gorges, in a belt less well defined; (d) the upland peneplain and monad- 
nocks. These four types are related in their histories, and the correct 
interpretation of any type must be consistent with the explanations for 
the other three. Most of the literature intended to elucidate Norway’s 
physiography has dealt rather exclusively with the more spectacular fiords. 
Much of it is excellent. About twenty years ago a summary of the previous 
fifty years of study and theorizing appeared in the elaborate book by J. W. 
Gregory, entitled “The Nature and Origin of Fiords” (1913). This book 
presents the views of many students, but the author leans strongly to the 
tectonic interpretation for these Norwegian shoreline peculiarities, with 
which the present writer does not agree. 


INTERPRETATION 
SKERRY-FENCE 
Origin 
Recalling the description of the zone of islands along the coast, one can 
see that essentially no stream and valley-glacier erosion has occurred 
among them. They have been glaciated, but not by differential ice erosion. 
They were simply stripped of their mantle, smoothed, striated, beaded, 
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A. Low-relief, boulder-strewn upland surface near Finse. Photo by Eneret Mittet & Co. 


B. Briksdals Glacier near Olden, extending a quarter of a mile down a little valley 
from the ice-cam margin. Photo by Eneret Mittet & Co. 


GLACIATED AREAS IN NORWAY 
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A. Upland surface near Eidfiord, with patches of summer snow. 
Snow fence guards the railroad track. 


B. Upland glaciated surface, lake, and snow patches near Eidfiord. 


VIEWS NEAR EIDFIORD 
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and polished. What was this zone like when the ice spread over it? Was 
it much as it is today? Was its rock surface similar to the present, but 
heavily mantled? Were there deep valleys among the island hills as 
there are now in the fiord zone? Was its elevation greater or less than 
now? 

There could not have been deep valleys, or the ice would have carved 
them as it did the valleys in the fiord zone. There must have been thick 
mantle rock, for in the time necessary to carve such old forms as these, 
weathering must have been deep and thorough. If not valleyed, then the 
preglacial surface must have been essentially a peneplain, an old stream- 
made surface ; and as old-age topography has a thick mantle, the surface 
must have looked much as it does today except that it was heavily covered 
with soil and rock waste, with an elevation slightly higher, although not 
high enough to be stream-dissected and not so low as to be drowned as 
at present. 

The date of the carving and the development of the peneplain cannot 
be determined from the island area, but data have been obtained from a 
study of the fiord and the gorge sections. As further evidence that the 
platform and the island portions constitute a peneplain, one may note (a) 
the uniformity of height of the surface in any locality, and (b) the 
relation of the surface to rock structure, cutting across layers of varying 
resistance and varying structures, joints, folds, faults, and intrusions. 


Strandflat 


The strandflat was interpreted in 1894 by A. M. Hansen * as caused 
partly by glacial erosion, partly by the work of waves, and partly by drift 
ice. He also declared that the flat was carved early in the ice age, but after 
the shoreline had been broken up into islands and channels. He inter- 
preted the several levels of strandflat as elements of several shorelines 
made at slightly different levels of the sea, hence made at different times. 
He asserted that glacial erosion is most important. Two years later, 
Richter * wrote that the strandflats were made in interglacial time, by 
wave erosion. In 1900, J. H. L. Vogt suggested wave erosion on an un- 
dissected coast as the cause, and realizing the magnitude of such erosion, 
assigned it to the enormous time period from Jurassic to the Ice Age; 
but by 1912, Vogt abandoned the preglacial part of his theory. J. Rekstad 
and Sahlstrom later assigned these strandflats to wave erosion without 


* A. M. Hansen: Nature, vol. 49 (1894) p. 364-365. 


‘Eduard Richter: Sitg. kk. Akad. Wiss. Wein. math. nat. Classe, vol. 105, pt. 1 
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suggesting what date or condition of dissection their theories required. 
In 1919, Ahlmann,* not recognizing the strandflat as a separate feature 
of the skerry-fence, wrote that there was little or nothing in the skerry- 
fence made by marine denudation, but that the islands constituted a 
base-level plain of subaerial denudation, which, in some places, had been 
assisted by glacial erosion. Nussbaum,® similarly ignoring the strandflat, 
believes the Sharen, or skerry-fence, which, he states, is a low round- 
humped landscape of islands near sea level, was made, for the most part, 
by glacial meltwater erosion and other interglacial and postglacial water 
erosion. He agrees, also, that the seas among the islands are generally 
shallower than are fiords, a fact that has been verified from the various 
maps and charts of the coast regions, published by the British Admiralty 
and by the Norwegian government. 

Nansen,’ in 1921, wrote particularly and critically of the strandflat as 
a feature of the skerry-fence. He recognized the importance of profound 
subaerial denudation in preparing the preglacial peneplain of low rounded 
hills (present islands), and speaks of it as of “greatest importance.” He 
agrees with Hansen that marine waves and currents could not well remove 
waste enough to make the strandflat unless either (a) the land should 
stand at the same level for an incredibly long time, or (b) the land be 
dissected ; i.e., as islands among channels, sounds, and embayments, but 
not necessarily by stream or ice work. He points out that on land as 
level as the coast zone the glacier must carve the surface rather uniformly, 
because the load is evenly distributed, but when a glacier flows over a 
region of strong relief, for converse reasons it must erode deeply in valleys 
and much Jess on the high lands. It should carve less, also, toward the 
margin (coast zone) because here the ice is thinner and moves more 
slowly. Nansen estimates that “if ice moving with a velocity of one-half 
meter in 24 hours erodes 10 cu. m. of rock it will with a velocity of 10 
meters in 24 hours erode 800 cu. m. in the same time.” These considera- 
tions make it clear that his estimates of meager ice erosion in the coast zone 
are correct. The explanation fits the facts seen on the coast charts. His 
drawings of coast-zone valley profiles, however, are often misleading, 
because he shows the form of the land true to scale and the floor of the 
channels below the water with a vertical exaggeration of about five. 


©. W. Ablmann: Geomorphological studies tn Norway, Geografiska Annuler, Stock- 
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© Fritz Nussbaum: Ueber die Entatehung der norwegischen Fieldlandachaften Fjorde 
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As pointed out, neither streams nor ice have had opportunity to dissect 
the coast zone since the preglacial peneplanation. The required dissection 
or fragmenting to produce the multitudes of islands from the higher parts 
of the plain and the water areas from the old-age valleys must have come 
about by simple depression of the peneplaned surface. Thus, the strand- 
flat was made at sea level, after the ice had scoured off residual soil, and 
after glacial depression had fragmented or separated the land into islands 
by flooding all the lower parts of the peneplain. This interpretation car- 
ries one past the difficulty that Nansen and others have experienced in 
accounting for the necessary dissection of the coast zone with neither 
sufficient ice nor stream erosion to act as the agent. 

Nansen shows that the strandflat, even after this dissection, could not 
well have been made by simple marine abrasion, but he finds glacial tem- 
perature conditions suitable to effect the required cutting by frost weather- 
ing and freezing aided by shore ice. As the rock is cracked loose by 
freezing spray and other water in crevices of the rock (frost erosion or 
frost weathering of Nordenskjold *), waves and currents remove it; thus, 
the whole strandflat may well have been formed in interglacial and post- 
glacial time. Sufficient shiftings of level in this time have occurred to 
produce strandflats at the several known levels, and at other levels now 
below the sea. Each must have been produced by a relatively long, quiet, 
stand of the sea at a constant level. 


FIORDS 

Theories of fiord-making 

Because all Norway has been glaciated, it has seemed wholly reasonable 
to many students to ascribe the fiords to ice erosion. As every bit of visible 
surface of fiord wall is ice-carved, and many spurs truncated and valleys 
thereby straightened; as fiord floors are basined, and apparently have 
been carved many hundred feet below sea level where streams are power- 
less to degrade ; and as the characteristic U-shaped valleys, with hanging 
laterals, are so universally present in the fiord zone, this theory seems 
almost proved. But if one raises a question, as to why practically all the 
fiords are in a zone which lies between two zones of complete glaciation, 
one to the landward side and the other to the seaward, and yet both these 
bordering areas have no fiords, it seems necessary to find some other 
explanation. 

Other students have felt that streams have been the major agent in 
carving the fiords, This group accepts only “moderate ice erosion,” and 


®0. Nordenskjold: Ueber die Fjorde und Fiordgebdiete, Compte Rendu, XI Cong. Geol. 
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80 grants that ice only spread the finishing touches on a stream topography 
which had become much like the present. As the waste has been every- 
where thoroughly removed, and lateral valleys commonly hang high, and 
as the fiord troughs are basined in some places 1000 feet, or even twice 
that figure, below the mouths of the valleys, it requires more imagination 
to explain the fiords as mainly stream work than it does to grant great 
erosive power to glaciers. If the fiords are mainly stream work, the land 
of their zone must have stood 4000 to 5000 feet higher than now, while 
the island zone remained near its present level. This is not at all impos- 
sible, but it does seem somewhat improbable. 

As the fiord floors are far below possible stream erosion, it has seemed 
to a third group of students that the fiord originated primarily by large 
submergence of stream-made valleys greatly modified by ice. In the gorges 
and the waterfalls there is much evidence of changes of stream-erosion 
level but not sufficient to permit 4000 or 5000 feet of erosion. Thus, the 
three groups each emphasize one process—stream work, glacial erosion, or 
large submergence. 

A fourth group of students has been much impressed with jointing, 
fracturing, and faulting in the Norway fiord region. Kjerulf,® more than 
fifty years ago, led the way for this group by preparing a map of Norway 
with ite fracture lines shown in seventeen groups or directions. These 
joints and faults have been recognized by a number of astute observers, 
and there can be no question of their occurrence. Their importance is 
emphasized by Gregory in his book. He records them as Pliocene cracks 
or faulte, which have been widened by denudation (stream work), touched 
up by glaciers, and then submerged. Gerard de Geer and J. J. Sederholm 
have stressed dislocations and all tectonic movements as causes of the 
fiords, cross-channele, basins, and the great walls of fiords. A.G. Hégbom 
gave, in 1913, an excellent anewer to this over-emphasis on tectonics, show- 
ing multitudes of fiord forms that do not correspond with tectonic and 
structure lines; Johnson ™ is equally clear on the pame point. These 
four groupe of workers each emphasizes a different process as the main 
cause of fiords, but each probably would admit that all factors had played 
into the genera] scheme in some way. 

An examination of the fiords in detail shows many that lie along struc- 
ture lines, but there are also many, even in Norway, that do not lie along 
any such line. The greatest, and most typical of all, Sogne, seems to 


* Theodor Kjerulf : Cowp Woetl eur lea tratte dominant du relief de la Norvége (1878). 
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lie across both faults and contacts and to possess a good dendritic branch- 
ing pattern. This suggests that perhaps fiords cannot all be ascribed to 
the same causes operating in the same order and intensity, but rather that 
several agents and processes have each had a part, but in different propor- 
tions. Significant structures are present in many parts of the fiord coun- 
try. Ice erosion is present everywhere. Stream work always operates 
where there is precipitation, slope, and no preventive vegetation. Mod- 
erate diastrophic movements have occurred in all parts of Norway and at 
many times, notably in and since the Ice Age. Ahlmann ™ asserts that the 
last great elevation of Norway was in the last part of the Tertiary, which 
theory is wholly consistent with the succession of events in Norway as 
here interpreted. 

Nussbaum ?* considers, and the writer concurs, that the Norwegian 
upland surface, including that in which the fiords are carved, is essentially 
a preglacial subaerial peneplain, beveled across ancient crystallines and 
folded Paleozoic rocks of great and of little resistance; that the erosion 
surface was uplifted unequally, more in the central part, where now 
higher, and less toward the coast; that streams eroded valleys westward 
across both hard and soft rocks, then some tributaries etched out soft 
beds or broken rocks along fault zones on north-south strikes ; that glacial 
erosion carved deeply and characteristically in east-west valleys and in 
some cross valleys, particularly on softer rocks, producing fiord forms— 
U-shaped, straightened, basined valleys; that as the ice melted, the sea 
entered valleys whose floors were low enough. Nussbaum makes no refer- 
ence to submergence nor to the gorges. 


Coordination of factors 


If stream work was ever significant in producing the fiords, it must 
have been before the ice did its work. It must have operated primarily 
in the fiord zone but not in the upland plateau areas of undissected 
peneplain nor, as shown above, in the island zone. If streams carved 
valleys where fiords are now, the waste removed must have been carried 
seaward by well-loaded streams. Such loaded streams would have been 
efficient carvers over the island zone, unless the land there were low 
enough to prevent. This consideration requires that the lands be lifted 
high enough in the fiord zone for streams to carve deep valleys across 
rocks of varied structures and strength, while the coast zone stood so 
low that loaded streams could not carve but may even have deposited there. 


UH. W. Ahimann: Das Uthe- Tal in Jotunhkeim, Norwegen Zeitschrift Mir Geomorpho 
logtle, val, 2 (1024-1927) p. 208-220. 
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If the land were high enough in the fiord zone for streams to carve val- 
leys 1000 to 3000 feet deep, both here and on the Swedish side of the 
axis, it would seem more than probable that the central part of the pen- 
insula was high also, and hence must have been stream carved, unless 
protected. It is far from sufficient to say that valleys were not carved 
because of resistant rock. Fiords and gorges often cut across both hard 
and soft rocks. 

Such altitudes as are thus postulated in order to stimulate the streams 
to carve gorges, which were subsequently to become fiords, would also 
induce considerable precipitation ; and if world conditions were ripe for 
its conservation and conversion to névé ice, it seems reasonable to think 
of the streams as starting their carving when diastrophism lifted the 
lands. The altitude attained localized the ice caps on the lofty upland 
surface. The ice spread outward and eventually reached the receding 
falls and rapids which the streams were pushing headward in their valleys. 
Nansen observed that no land erosion (by streams) occurs when land is 
covered by ice. This ice advance then would check stream erosion when 
the growing ice cap spread outward far enough to meet the falls and 
rapids in their retreat upstream as they carved the great gorges. Then 
ice tongues (valley dependencies or valley distributaries) pushed down 
the gorges or young stream-made valleys and deepened, straightened, and 
polished them. 

As the ice age proceeded the ice caps expanded, fused into a large sheet, 
spread over more and more of the upland surface, engulfing the depend- 
encies in the young valleys until the ice sheet spread out far beyond the 
present shoreline. In the fiord zone it carved valleys, and of the gorges it 
made typical U-shaped, steep-sided, basined fiords. In the island zone it 
carved more as a sheet of ice, removing any weathered products and the 
delta deposits of the streams that had been eroding the young valleys. 
Loose material thus picked up from the island zone and carved from fiord 
valleys could not be dropped by the ice until near its melting margin. 
This obviously was well beyond the present island zone, because no mate- 
rial comparable in quantity to that removed to make the stream gorges 
and ice-carved fiords is known offshore from the islands. These coordi- 
nated erosion and transportation processes continued until the conditions 
that made glaciation possible were replaced by those that made it nearly 
impossible ; then the ice proceeded to melt and disappear from the lands. 
More than one glacial stage with interglacial intervals, recorded unmis- 
takably elsewhere, would permit resumption of gorge-cutting farther up 
the water courses when the ice receded, and would continue the glaciation 
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of such interglacial stream-made gorges when the ice again advanced. 

One step has been purposely unmentioned until now. Let it be raised 
in the form of a question. What factors determined where the streams 
should carve the valleys which were to become the fiords? 

It has been shown that Norway before the ice age was essentiaily a 
peneplain (Pl. 92, A) with occasional monadnocks (Pl. 92, B). Whether 
the erosion was in one cycle or several does not matter in the present dis- 
cussion ; hence, whether there are two or three facets of peneplain is imma- 
terial for our purpose. Both problems are left to other students or other 
occasions. It seems reasonable that several cycles of erosion should have 
been recorded over Norway and Sweden, and it seems certain that by 
the end of Tertiary time the surface was reduced to old age. It, likewise, 
seems reasonable that only one facet is present, that the plain represented 
by the old stream-made surface of the skerry-fence, now partly below 
water, is essentially the same old surface found in the uplands bowed up 
in late Tertiary time: that the much cut-up upland surface in the fiord 
section is a continuation of both, and a connecting area between them. 
When such a peneplain as this seems to be was formed, the coastal portion 
must have been a little higher than now, for streams could not produce 
an old-age surface partly below sea level; further, all sediments of this 
peneplain-producing erosion period are now submerged. Such extensive 
erosion as was needed to produce an old-age surface across many kinds 
of rocks and many kinds of structures produced also great quantities of 
waste, to be carried and deposited on the periphery of the eroded land 
area, sediments not now known. Ahlmann recognizes this great pene- 
plain, and although not specific, seems to consider it one continuous sur- 
face from the sea to the summit. Nussbaum and Nansen also concur. 
Such a peneplain, of course, was not level when made. Its inner parts 
must, of necessity, be several hundred feet higher than its borders. Nuss- 
baum says it was uplifted before the ice came, more in central Norway 
and only a little near the west coast, an interpretation wholly in har- 
mony with the needs of the hypothesis postulated in this paper, and, so far 
as known, in agreement with observed facts. 

Many students have observed faults and, in the sedimentary rocks, folds 
with prominent strike trends. Geological maps of portions of Norway 
show both clearly. Contacts between ancient rocks and those much 
younger also occur. These in many instances must have given rise to 
lines of weakness ; the streams, as they developed the peneplain, may well 
have found in some of these lines of weakness opportunity to produce 
lower lands along the structures. When the uplift occurred, as outlined 
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above, the streams proceeded to carve valleys, some across hard and some 
on softer rocks, or else adjusted themselves in order to get into places more 
easily eroded. Early writers, as well as later ones, have shown that the 
structure lines followed were present before the close of the Miocene. Such 
lines must have been there before the peneplanation was complete, for 
they do not disturb the continuity of the peneplain. 

Valleys of fiords that follow structure lines had their courses determined 
largely before late Tertiary or early Pleistocene uplift. Several in the 
Trondhjem net and southward, even to Molde, and much of Stor Fiord 
and of Nord and Ronde fiords lie along contacts. Considerable parts of 
Christiania Fiord, also, have different rocks on opposite sides. Hardanger 
is a notable divider of ancient crystallines from much younger sedimen- 
taries. East of the Glommen Valley in its mid-parts are several valleys 
not containing fiord waters, that follow definite structure lines closely for 
miles. Fiord valleys, and others similar in topographic age that do not 
follow structure lines, no doubt began at this time of uplift, but, having 
no structures to follow, their streams adopted the dendritic pattern as the 
best for their purposes on the elevated peneplain (the rlateau). Sogne 
Fiord is the largest example. 

Reusch and Ahlmann have pointed out that some valleys have not been 
glaciated. These will now be considered. They can well be fitted into 
the succession of events as they will be presented in summary. 


GORGES 


The gorges are rarely discussed in physiographic interpretations of Nor- 
way, but they constitute an integral logical part of the story. Had they 
been here while the ice was here, they would have been ice-marked; but 
they are not. They start at the ends or sides of fiords or glaciated valleys 
and lead backward toward divides. They are truly postglacial. Their 
lengths might be used as measures of postglacial time, measuring the 
time since the ice abandoned the place where they began. 

Ahlmann !* recognizes gorges with little or no ice erosion and seems to 
feel that the absence of ice work must be explained by feeble ice erosion 
on the more nearly level uplands, or at least by feeble ice erosion in gen- 
eral in the last ice epoch. It seems more reasonable to interpret the 
wholly unglaciated gorges as postglacial and those feebly glaciated as pos- 
sibly interglacial. The length of the individual gorge is related to the 


2H. W. Ahimann: Das Utla-Tal in Jotunheim, Norwegen Zeitschrift fiir Geomor- 
phologie, vol. 2, (1926-7) p. 215. 
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A. The old peneplain near Finse, snow-covered in winter. Photo by Eneret Mittet & Co. 


Pp B. Monadnock near Bjorli, above Aandalsnaes. Photo by Eneret Mittet & Co. 
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relative resistance of the rock in which it is carved, a short gorge in hard 
rock requiring as much time as a longer one in less resistant rock. 

When the ice had retreated from its farthest stand in the last advance— 
surely far out beyond the present land limits—and had melted back from 
the fiords so that ice drainage fell over the end or side of the fiord, then and 
there the gorge-cutting began (Pl. 89, A). Gorges do not usually reach 
back to the edge of the ice, or even to the end of ice tongues or depend- 
encies, hence one may say that the gorge-carving, the retreat of falls (PI. 
93, A), has not proceeded as rapidly as ice-melting. This headward erosion 
with fall recession and gorge-cutting has probably been rapid, because in 
most cases the water flows from the icefront laden with carving tools (Pl. 
93, B). Not all streams have had waterfalls; some have not even leaped 
over cascades and rapids. These depend upon the relative resistance of the 
rocks, as does the length of the gorge. 

Some students have reported interglacial gorges or sections of fiords. 
These too are expectable and fit into the story. They were, no doubt, 
carved following the retreat of former ice sheets 1* just as postglacial ones 
follow the present retreat. 

If gorge-cutting continues undisturbed, the gorges should reach well 
back to the ice fronts or, when the ice caps entirely melt away, even back 
near the divides, thus dissecting farther the upland surface. That there 
is any upland left to be dissected at this time is due to its ice-cap protec- 
tion: as long as the present ice cap persists in its present size, gorges can 
grow back only to the ice margins. 


UPLANDS 


As has been seen, these uplands are remnants of a stream-erosion sur- 
face, a peneplain. All the evidence that argued for a peneplain in the 
zone of the islands and platform is equally cogent here. The upland 
surface slopes downward both east and west from the “keel” of the pen- 
insula, which has little resemblance to a ship’s keel, eastward into the low- 
lands of Sweden and westward over the gorge and fiord sections or zones 
to the islands and platform. Its present summit altitudes are 6000 to 
6500 feet, and the rounded summits, rising a few hundreds to 2000 feet 
above this surface, are monadnocks. 


4D—D. W. Johnson, J. W. Gregory, and others, in works cited, speak of the gorge cutting 
as preglacial, and Gregory says, “if preglacial, certainly not long preglacial.” Since 
some fiords and parts of fiords show much more ice erosion than others, even though 
similarly placed, it is fair to assume that the less glaciated parts are interglacial.. Inter- 
glacial records are known all about the Scandinavian center. 
records in the midst of Norway. 


These represent such 
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The altitude of the peneplain today is no measure nor suggestion of the 
height it had when formed. It could not have been made with its present 
altitude, either at the seaward margin, where it is generally a little below 
sea level, or on the upland divides, where it is 6000 to 7000 feet above 
sea level. But this relief really is not so astounding as it appears at first 
glance. The distance to sea, westward from the higher parts, is 130 miles. 
A descent of 6500 feet in 130 miles is about 50 feet in one mile, far too 
steep for a new-made peneplain, yet not so steep but that a little dif- 
ferential uplift of a peneplain would produce it with ease. Farther north, 
where altitudes of the upland are only 3000 feet, the distance is 100 miles, 
giving a steepness of 30 feet in one mile. Jostedalsbraen is 5000 to 6000 
feet high. From the top of the ice to the sea westward there is a slope 
of 68 feet in one mile. This slope is about one foot in eighty. 

Plains as mature as this peneplain was, judging from its relief, would 
probably have slopes seaward of ten to twenty feet per mile. Assuming 
the lesser figure, one finds that the central higher part of the Kiolan 
plateau was warped upward something like one mile to produce the present 
slopes. This altitude was attained, according to Nansen, Ahlmann, and 
Nussbaum, in large part at least, at the close of Tertiary or the opening 
of Pleistocene time, and re-attained at the withdrawal of the ice, because 
of the resiliency of the rocks and their response to the unloading. 

It has been shown that the peneplain has been little disturbed in the 
coast zone, either by stream or by ice erosion, indicating that its altitude 
never has been great enough to promote erosion. The fiord zone has been 
sufficiently high for a time long enough to permit streams to carve great 
gorges and ice to spread over the gorges, giving them true glacial char- 
acteristics. The remnants of the upland peneplain are still undissected 
even by post-glacial streams, because, although elevated, they carry suf- 
ficient ice cover to prevent running water from eroding them. This fur- 
ther suggests that even in interglacial times the ice probably was never 
much more completely melted away than it is now. 


CORRELATIONS AND SUMMARY 
ORDER OF EVENTS 


In summing up the history of events as they seem to have occurred in 
this southwestern part of Norway, one may go back to the making of 
ancient sediments, their intrusion by granites, and their regional meta- 
morphism, followed by much erosion and much Paleozoic sedimentation. 
These events were, in turn, succeeded by more diastrophism, folding, up- 
lift, and a good deal of complex jointing and faulting, after which erosion 
continued to the advanced maturity and old age of our present peneplain. 
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It was probably produced at altitudes increasing from sea level to 1000 
or 1500 feet in the interior, with relief of 300 to 500 feet between the 
broad valley floors and the old rounded highest forms below the monad- 
nocks. The latter stood, at the completion of the peneplain, as high above 
it as at present. 

These steps were followed by upwarping of the large central part of 
the peneplain to heights of 5000 to 7000 feet, with downwarping near the 
sea. Such elevation localized glaciation when general glacial conditions 
were suitable, and the ice began to accumulate on the upper western slopes. 

In the meantime, the streams were rejuvenated by the uplift and began 
to carve gorges in the zone now occupied by fiords. Waterfalls developed 
and migrated toward the interior. The waste was carried out and de- 
posited among the forms of the present island zone, or even farther sea- 
ward. Thus, the island zone was leveled and not dissected, but the ele- 
vated portion in the region of the present fiords became deeply stream- 
dissected. If the fiord zone was more elevated than now, some of the 
valleys may have been carved below what is now sea level. 

As this carving of gorges proceeded and the gorges lengthened toward 
the areas of accumulating ice, the latter expanded as if to meet the head- 
ward-growing gorges, until the ice stopped the work of the streams, flowed 
down into the gorges, and spread wider and wider. It filled all the gorges 
with valley dependencies, then covered divides and gorges alike, and 
spread seaward until there was no land in sight. Thick ice in the valleys 
carved more than the thin ice on inter-valley areas of the upland; but out 
in the island zone, where no valleys existed and much alluvium covered 
the thick residual mantle, the ice must have carved all the surface uni- 
formly, pushing and carrying the whole layer of detritus westward into 
deeper sea. 

This is the stage in which the island zone passed from a peneplain, 
thickly mantled with residual material and alluvium, to a series of bare 
rock islands interspersed with many channels of shallow seas, and the 
fiord zone passed from a series of gorges wholly stream-made to a system 
of fiords with hanging valleys, steep, straightened, and polished sides and 
basined floors. The upland above the fiords was little modified except 
that it was well robbed of its regolith. 

Next came ameliorated climatic conditions. The ice melted to a large 
extent, and some streams again carved gorges, but their work was soon 
interrupted by another ice advance, and these few later gorges became, 
first, interglacial and, then, glaciated sections of valleys and fiords. 
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Again the ice covered everything, and again it melted away. This time 
the melting was so rapid that little moraine or drift was left in the valleys 
or over the slopes. Most of the abundant preglacial mantle and stream 
carvings were carried out far enough beyond the present seashore to be 
lost. Meager moraines and other drift features were left here and there. 
As the ice continued to withdraw, leaving the fiords cleared and the 
uplands bare, the streams again entered on a career of gorge-carving, and 
excavated the present gorge sections. This gorge-making is still rapidly 
progressing, and the ice is retreating. 

Land, depressed when ice was more abundant, has been rising slowly 
and intermittently for thousands of years, so that old (but postglacial) 
beaches and deltas are now above sea level. In some places three or four 
elevated deltas and beaches occur in the same fiord. These features have 
been correlated from fiord to fiord and connected with varved clays so that 
the chronology of their movements and of the withdrawal is well known. 
Such interpretative work is giving means of estimating the time necessary 
to carve the present gorges. 

CONTRIBUTION OF THIS PAPER 


The contributions of this paper are mainly along five lines: (a) the 
hypothesis that neither ice nor stream erosion is necessary to provide for 
the dissection or fragmenting of the island zone and the circumstances 
for making of the strandflat, but that moderate submergence of the old 
topography of the zone furnishes the required conditions; (b) the expan- 
sion of a multiple explanation for fiords, recognizing the influence of 
structure in the location of stream-made valleys, the necessity for vigor- 
ous stream work, and for the indispensable, abundant ice erosion asso- 
ciated with the diastrophism, which promotes stream work and sub- 
sequently drowns the ice-shaped fiord valleys; (c) the recognition of the 
importance of interglacial, as well as preglacial, stream erosion in the 
making of fiords; (d) the demonstration that the unglaciated gorges are 
a logical, expectable part of the physiography and fit into the sequence 
of events; (e) the integration of all items of the topography and their 
explanations into a single simple hypothesis which gives a harmonious pic- 
ture of all the different zones as essential parts of a unified physiographic 
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DISTRIBUTION OF THE WISCONSIN GLACIER IN THE 
DELAWARE VALLEY * 
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INTRODUCTION 


The area discussed in this paper is shown on the Delaware Water Gap 
sheet, in eastern Pennsylvania, and part of the Easton sheet adjoining 
the Water Gap sheet on the south (Fig. 1). The outstanding topographic 
feature here is Kittatinny Mountain, which extends from northeast to 
southwest across the northern section (Fig. 2). Parallel to, and south- 
east of, the mountain extends the “Great Valley” (some ten miles wide). 
The Delaware River cuts across mountain and valley, entering the narrow 
highlands near Easton. The mountain is a critical portion of the area, 
for it stands between two districts of Wisconsin glaciation. 


MAIN ICE SHEET 


Ordinarily the extent of any continental glacier is considered to be 
determined by the position of its terminal moraine. In this region, the 
statement is commonly made that the terminal edge crossed the Delaware 
just below Belvedere, extending from that place westward and then north- 
westward to the vicinity of Ackermanville, turned northward, crossing the 
mountain near the “Offset,” and then continued westward again. North 
of this boundary the whole area is considered to have been covered by ice. 
Thus, Lewis? presents such a picture and has a cross-section, showing 
the ice, 600 feet thick, on top of the mountain. 


* Manuscript received by the Secretary of the Society, December 19, 1933. 
1H, C. Lewis: Report on the terminal moraine in Pennsylvania and western New 
York, Pa. Geol. Surv., 2nd, Z (1884) 299 pages. 
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Figure 1.—Map of eastern Pennsylvania 


Cross-lined portion shows position of area discussed in this paper. 
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This postulation is a reasonable one, for the effects of glaciation have 
been found both north and south of the mountain and on the mountain 
itself. For the older generation of geologists no other conclusion was 
necessary; there was no thought of more than one glacial stage. Now 
that this region is considered to have had at least two stages (Illinoian ? 
and Wisconsin), the theory that the ice at both stages crossed this formi- 
dable mountain needs to be tested. All writers since Lewis have accepted 
this general distribution for the glacier at the Wisconsin stage. The 
writer believes that the Wisconsin glacier not only did not cross near the 
“Offset” but did not cross the mountain anywhere in the area under 
discussion. To be specific, the Wisconsin glacier did not cross the moun- 
tain within the limits of the Delaware Water Gap quadrangle. ‘The rea- 
sons for this belief are presented. 

The crest of the mountain is glaciated; it shows roches moutonnées 
and a few striae. These latter all bear nearly due south. Both north 
and south of the mountain there are more striae. These have a dominant 
southwest (20-75 degrees) direction (Fig. 2). 

Salisbury * found no striae on the mountain crest from the Water Gap 
northeast for ten or twelve miles. He found striae on the high slopes 
north of the mountain, and these are within ten degrees of south, while 
on the lower slopes and the ridges (north of the mountain) the southwest 
directions again predominate, as they do south of the mountain. Fur- 
thermore, at a point 25 to 30 miles northeast of the Gap, his map * shows 
the direction of ice movement as paralleling the mountain and in part 
crossing it in a west-southwest direction. However, in the vicinity of 
the Water Gap this map represents the ice as moving across the mountain 
in a south-southwest direction. 

The question at issue is this: Did a single ice sheet approach the moun- 
tain with a southwest movement; cross the mountain, moving nearly due 
south ; and continue beyond in a southwest direction? Or were there two 
ice invasions, each with a different direction of movement and distribu- 
tion? The writer believes that the latter is the true interpretation. 

On the basis of striae alone no convincing case could be made. The 
sharp contrast of direction of striae on mountain and valley need not 
mean two advances of the ice. It is an established fact that prominent 
valleys modify the regional movements of continental ice, so it might be 


MAIN ICE SHEET 


2 According to Leverett, the drift between the mountain and Easton is Illinoian, while 
that south of Easton is indeterminate. 

?R. D. Salisbury (and others): The glacial geology of New Jersey, N. J. Geol. Surv., 
final rept. 5 (1902) 802 pages. 

4 Op. cit., pl. 8. 
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expected that the prevailing northeast-southwest trend of the “Great 
Valley” would divert the general southward trend of the ice. One would 
expect, however, that this trend could not assert itself at once. That 
is, ice moving southward over the crest of the mountain should keep its 
direction near the mountain and feel the valley influence more strongly 
out in the valley itself. This is contrary to fact, for the striae bearing 
most strongly southwest are the ones nearest the mountain (Fig. 2). 

It is on another count that the best evidence for the two-stage inter- 
pretation rests. As both the Illinoian and the Wisconsin ice sheets have 
overridden essentially the same rock terrains, they should have gathered 
and distributed essentially similar materials. Yet the two drifts today 
are not identical. The fundamental factor responsible for this lack of 
identity is differential weathering. The Illinoian drift, being much older, 
shows effects of a long period of weathering; the Wisconsin drift is dis- 
tinctly fresher. 

Earmarks of the earlier Illinoian glaciation, the result of weathering, 
may be summed up briefly as follows: 

(a) The drift deposits, as a whole, are deeper brown, with some reddish 
tones, in contrast to the lighter buff, and generally fresher, appearance 
of the Wisconsin. The till has a more compact, often tough, matrix. 

(b) Fragments within the matrix also commonly have a brown ex- 
terior, and often possess a rich, russet, aged appearance. Many frag- 
ments, however, have developed light-colored exteriors through removal 
of the coloring substances by leaching. The surfaces are commonly pitted 
to some degree. All fragments show zones of alteration on fresh frac- 
tures. 

(c) Only resistant rock fragments are present. Limestone, for in- 
stance, is almost universally lacking, the only exception being an occa- 
sional large fragment, and this shows unmistakable effects of differential 
solution; the impure varieties may have a zone of coherent clay an inch 
or two in depth which has delayed the attack on the inner portion. 
Granite and gneiss fragments are scarce, and when present show a whiten- 
ing (kaolinization) of the feldspar, a general weakening and disintegra- 
tion. 

(d) Resistant quartzite, conglomerite 5 and sandstones, which are so 
universally present, lack their customary toughness and are commonly 
appreciably weaker than their counterparts in the Wisconsin drift. 

(e) Outerops of bed rock are also affected. The conditions found may 


© Bradford Willard: Conglomerite, a new rock term, Sci., n. s., vol. 71 (1930) p. 438. 
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be color zones of alteration, or groups of residual blocks, or deep zones 
of decomposition, depending on material. 

The Shawangunk quartzite, of which the mountain is composed, is a 
dense, tough, resistant rock. Fragments of this make up a large propor- 
tion of the drift to the south. On the mountain this resistant rock has 
retained striae at not more than a half dozen places along ten miles of 
crest. The striae so far recognized are faint rather than clear cut, which 
is to be expected in so hard a rock. There are many roches moutonnées, 
but while preserving their form they have lost their freshness and show 
no striae. Some are merely assemblages of loosened blocks. There are 
long stretches where completely separated, residual blocks are the rule. 
Furthermore, the rocks with striae, as well as the roches moutonnées with- 
out them, have prominent zones, and commonly rinds, of weathering. 
This is possible because the Shawangunk, while definitely a quartzite, is 
impure enough to yield color zones on weathering. The normal dark 
gray may, on the exterior portions, be leached to a light gray, nearly 
white. 

Contrast with this the conditions in the outcrops south of the moun- 
tain. The bed rock here is slate and limestone. Neither of these is 
very resistant to weathering, the limestone being susceptible to solution. 
Yet outcrops of these rocks show well-defined, sharp striae and smoother, 
cleaner roches moutonnées. It is recognized that degree of exposure 
and variation of structure influence the rate of weathering, but with due 
consideration given to these influences it still is inconsistent to expect the 
resistant quartzite to weather more in a given time than the much less 
resistant limestone and slate. Comparison can be made directly be- 
tween quartzite and quartzite. The Wisconsin drift contains many frag- 
ments of Shawangunk quartzite; yet one can pick from the surface of 
the drift hundreds of these with no rind of weathering. It is unreason- 
able to expect exposed fragments of rock not to weather and yet to expect 
the same rock in an outcrop a mile away to weather deeply during the 
same time. 

Inconsistencies of both striae and weathering are answered with the 
explanation that (a) the mountain crest was overridden by the Illinoian 
glacier; (b) ever since the withdrawal of the Illinois ice the mountain 
crest has been subject to weathering (a time long enough to affect even 
tough quartzite) ; (c) the Wisconsin glacier crossed the mountain well 
to the east of this area and moved southwest into this area as two lobes, one 
on each side of the mountain. This seems to be a more reasonable ex- 
planation for existing facts. The exact place where the Wisconsin glacier 
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crossed the mountain has not been determined. It is well out of the 
quadrangle, at least ten miles northeast of the Water Gap. 

The terminal moraine, west of Bangor, has the characteristic knob and 
kettle topography. This extends north to the foot of the mountain, then 
curves northeast, following the base of the mountain for several miles. 
It does not cross the mountain within the limits of the map. There is 
no topographic expression of a moraine on the crest, although there is 
good opportunity for its preservation on the wide crest area of the “Little 
Offset,” if it had ever existed there. None of the drift on the crest is 
fresh like that of the Wisconsin age. All of which confirms the other 
evidence cited. 

Another minor confirmatory item is the general absence of extremely 
large Shawangunk erratics. If the Wisconsin glacier had come directly 
across the mountain, it could have secured many talus blocks to distribute 
over the valley; but moving as it did, its collecting area was more re- 


stricted. 
ICE TONGUE 


There is a further modification of the older view concerning the dis- 
tribution of the Wisconsin glacier. Instead of an ice front athwart the 
Delaware River, just below Belvedere (Fig. 2), the writer postulates an 
ice tongue which extended down the valley—having a blunt tapering form 
for the first three miles below the old position assigned to the terminal 
moraine, then a twelve-mile reach down the narrow Delaware trench. 

Till occurs well above the area of stratified drift in the valley, below 
the so-called terminal moraine of the earlier writers. It combines charac- 
teristics of both Illinoian and Wisconsin drift, which means that the two 
types of till are mixed. The mixture could only have been made by the 
Wisconsin glacier bringing fresh material and incorporating it with the 
older, more weathered Illinoian debris. In other words, the Wisconsin 
glacier occupied the limestone lowland for some three miles below the 
so-called moraine, tapering down to the Delaware trench proper, near 
Martins Creek in the southern end of the Water Gap sheet. 

In an earlier article the writer ® presented the evidence of this ice 
tongue in the Delaware Valley. Briefly, the points made in that article 
are: 

(1) Wisconsin till occurs beneath Wisconsin stratified drift at Car- 
pentersville (Fig. 2). 

(2) Till resting on unconsolidated material suggests thinness of ice. 


6 Freeman Ward: A Wisconsin ice tongue in the Delaware Valley, Am. Jour. Sci., 5th 
ser., vol. 18 (1929) p. 446-448. 
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(3) The valley has a flat rock bottom and limestone cliff sides. The 
till has the typical characteristics—(a) lack of structure, which is quite 
in contrast with the stratified drift resting upon it; (b) assortment of 
sizes of material from the sandy loam of the matrix to boulders; (c) com- 
pactness—it is harder to shovel and stands up better than the stratified 
drift; (d) an occasional striated fragment. 

The till known to occur at this locality (Carpentersville) is about 20 
feet thick over an area about 50 by 100 yards. Although it is probably 
absent from parts of the pit, there is scarcely any doubt but that the ex- 
tent is much greater than that indicated by the above figures. The over- 
lying stratified drift is about 25 feet thick. 

The till is not especially weathered, and contains frequent fragments 
of limestone and gneiss. In other words, it has the qualities of Wiscon- 
sin, rather than older, till. It seems unreasonable to say that it is a 
remnant of old drift lacking weathering because of its depth of burial. 
By comparison, a deposit of stratified drift about 314 miles east, reported 
as old drift by Leverett, is 30 feet thick, is exposed from top to bottom; 
yet it shows no accumulation of limestone and gneiss or any other evidence 
that weathering in its lower parts has been much limited. It should 
be remembered, too, that all the older till was subject to much weather- 
ing before any protective cover of Wisconsin drift could be deposited. 

Additional favorable arguments are—(a) Upstream, a short distance 
from the till, there is a deposit of fine material having a structure that 
may well be called varves. Instead of the ordinary sand and coarse gravel, 
so common in the terraces, it is made of alternating fine sand and silty 
fine sand (about 20 pairs per foot) with a short thin lens of gravel near 
the top. Such a formation would scarcely mean deposition from a freely 
moving river; rather, it suggests a ponding of the river water. This, in 
turn, strongly suggests ice as the agent of ponding. Judged on the basis 
of weathering, this deposit also is of Wisconsin, rather than I]linoian, age. 
(b) If the valley train, now represented by its remnants, the terraces, was 
laid down while the ice front was at Belvedere, it is not to be expected that 
the texture should be alike all the way down. The rush of water from the 
ice front should slacken progressively downstream. The deposits at Mar- 
tins Creek and at Carpentersville are about eleven miles apart, yet the tex- 
tures of the two are nearly identical. Half way between these two (at 
the Steckel pit) the deposit has the same texture. Nor is there a progres- 
sive coarsening of texture above Martins Creek. This similarity of tex- 
ture, on the other hand, is accounted for by assuming an ice tongue reced- 
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ing progressively and so furnishing a more nearly uniform current 
throughout the twelve miles of its withdrawal. 

Some may think that a tongue, twelve miles long and half to three- 
quarters of a mile wide, has no precedent. However, such a thing is not 
impossible, and without this it is extremely difficult to account for the 
several facts cited. In this connection, data may be presented concern- 
ing several Alaskan glaciers :—Crescent Glacier is six miles long and one- 
half to three-quarters of a mile wide; a narrow valley, formerly occupied, 
extends one and one-half miles farther. Serpentine Glacier is seven and 
one-half miles long and three-quarters of a mile wide. Heney Glacier 
is about sixteen miles long and one mile wide. Nebesna Glacier is 55 
miles long and two and one-half miles wide—all of which suggests that 
a glacier twelve miles long and half to three-quarters of a mile wide is 
not an impossibility. 
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Figure 1.—Index map of Wyoming 
Shaded portion indicates area studied. 


INTRODUCTION AND ACKNOWLEDGMENTS 


This paper presents an interpretation of the events that occurred in the 
building of the central Rocky Mountains and the intervening basins, as 
revealed by exposures in west central Wyoming. The outline of the area 
studied is shown in the accompanying index map, Figure 1. The principal 
exposures are along the northern edge of the Sweetwater Plateau. F. M. 
Endlich ! described the topography of the region in 1879. The region 
north of the Sweetwater escarpment drains into the Wind River; that to 
the south drains into the Sweetwater River. The Sweetwater rim (Pl. 97A) 
extends northeastward from the southern end of the Wind River Range 
(Pl. 94) for about 18 miles and then turns eastward for 35 miles to join 
the Rattlesnake Mountains. It has a steep north face, rising 600 to 800 
feet above the general level of the Wind River Basin (P1.97A). Its south 


1F. M. Endlich: Report on the geology of the Sweetwater district, U. S. Geol. and 
Geog. Survey of the Terr., Ann. Rept. 11 (1879) p. 3-158. 
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slope is gentle across 15-20 miles to the Sweetwater River. This plateau 
area is dotted by granite knobs projecting through gently dipping Tertiary 
sediments. These are known as the Sweetwater Hills or the Granite 
Mountains. South of the Sweetwater River the asymmetrical valley floor 
rises more abruptly to a line of bluffs making up the Green Mountains and 
farther east the Ferris and the Seminoe mountains. 

The writer made structural and stratigraphic studies along the Sweet- 
water escarpment in west central Wyoming in the summers of 1930 and 
1931. Special attention was given to the stratigraphic relations and the 
petrologic character of the upper Cretaceous and early Tertiary forma- 
tions ; first, because of good exposures of a fairly complete section ; second, 
because of the strategic position of this area for interpreting certain 
phases of the geologic history of the central Rockies; and third, because 
previous workers, particularly Sinclair? and Granger,? had made good 
collections of fossil vertebrates from certain of these strata, permitting age 
determinations not available elsewhere. 

During the first summer the writer was assisted in the field by Gaylord 
Frazer and during the second summer by his son, Bruce F. Bauer. Ac- 
knowledgments are also due R. Clare Coffin and John G. Bartram, geolo- 
gists for the Stanolind Oil and Gas Company, for counsel and assistance in 
the field work. P. G. Worcester, of the geological department of the Uni- 
versity of Colorado, visited the field with the author and gave valuable 
advice. Special thanks are also due W. T. Thom, Jr., of Princeton Univer- 
sity, for reading the original manuscript and giving helpful criticism and 
advice for the preparation of this paper. 


SUMMARY OF GEOLOGY 


The range of formations in the area is from pre-Cambrian to Recent, 
with few great breaks in the sequence. The Silurian does not seem to be 
represented, and the Devonian is thin, but in spite of numerous hiatuses 
the formations are nearly parallel from the Cambrian through the Paleo- 
cene or to the top of the Fort Union formation (p. 669). The Wind 
River formation lies upon the Fort Union with marked erosional and 
structural unconformity. Another discordance in dip is found at the top 
of the Wind River formation ; above this the layers are essentially parallel, 
although there is evidence of an erosional break at the top of the Uinta 


2W. J. Sinclair and Walter Granger: Eocene and Oligocene of the Wind River and 
Bighorn basins, Bull. Am. Mus. Nat. Hist., vol. 30, art. 7 (1911) p. 83-117. 

3 Walter Granger: Tertiary faunal horizons in the Wind River Basin, Wyoming, with 
descriptions of new Eocene mammals, Bull. Am. Mus. Nat. Hist., vol. 28, art. 21 (1910) 
p. 235-251. 
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formation. The areal distribution of the formations is shown on Plate 95. 

Structural elements are shown on Plate 94. The axes of anticlines and 
synclines are shown by shaded lines, indicating to some extent the intensity 
of folding. Many of these structures were first mapped by C. J. Hares * 
in 1915. Epochs of folding and faulting and the character of the forces 
are discussed under “Structure” and “Geologic history” (p. 683, 689). 

The total thickness of sedimentary rocks (p. 669) is nearly 16,000 feet, 
of which only 2500 to 3000 feet belong to the Paleozoic and a little more 
than that amount to the Cenozoic. Mesozoic strata account for the re- 
maining 9000 or 10,000 feet. It is unlikely that the total thickness exists 
at any one spot, but Paleozoic and Mesozoic rocks are probably well repre- 
sented in the deeper parts of the Wind River basin, such as along Dry 
Cottonwood Creek within a few miles of the southern flank of the Owl 
Creek Mountains. On the other hand, these same rocks are doubtless 
largely missing beneath the Sweetwater Plateau, having been removed 
from the flanks of the Granite Mountains by erosion in Eocene time. 

Detailed descriptions are given of Upper Cretaceous and Tertiary strata, 
beginning with the Mesaverde formation, in order to give a background 
for the interpretations of history. For descriptions of the older forma- 
tions the reader is referred to Condit,® Blackwelder,® Branson and Gregor,’ 
Reeside,® and Bartram.°® 


DESCRIPTION OF FORMATIONS 
UPPER CRETACEOUS 


Mesaverde formation 

The Mesaverde formation lies conformably upon the Steele shale which 
in this area is the upper undifferentiated part of the Cody. It is not com- 
pletely exposed anywhere on the west side of the Wind River basin. 
However, the lower 200 feet are exposed south, and also northwest, of Hud- 
son, in Pilot Butte dome, and on Little Dome near Maverick Springs 
(Pl. 94). 


*C. J. Hares: Anticlines in central Wyoming, U. S. Geol. Surv., Bull. 641 (1916) p. 
233-279. 

5D. D. Condit: Relations of the Embar and Chugwater formations, central Wyoming, 
U. 8S. Geol. Surv., Prof. Pap. 98-0 (1916) p. 263-270; Phosphate deposits of the Wind 
River Mountains, near Lander, Wyoming, U. S. Geol. Surv., Bull. 764 (1924). 

* Eliot Blackwelder : New geological formations in western Wyoming, Wash. Acad. Sci., 
Jour., vol. 8, no. 13 (1916) p. 417-426. 

7E. B. Branson and D. K. Gregor: Amsden formation of the east slope of the Wind 
River Mountains of Wyoming and its fauna, Bull. Geol. Soc. Am., vol. 29 (1918) p. 
309-326. 

8 J. B. Reeside, Jr.: Triassic-Jurassic red beds of the Rocky Mountain region, Jour. 
Geol., vol. 37, no. 1 (1929) p. 47-63. 

®J. G. Bartram: Triassic-Jurassic red beds of the Rocky Mountain region; another 
discussion, Jour. Geol., vol. 38, no. 4 (1930) p. 335-345. 
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Table of Formations 


Thickness 
Formations in feet 
Brule 4 
White River group Chadron 00 
Sweetwater 0-150 
Uinta 265 
Bridger 0-400 
Wind River 1200 
Fort Union 975 
Lance 950 
Lewis and Fox 
Hills 940 
Mesaverde 980 
Cody shale 4200 
Frontier 800 
Mowry shale 250 
Thermopolis shale 209 
Dakota sandstone 20 
Fuson 150 
Lakota sandstone 40 
Morrison 225 
S (for area between south 
ey sal end of Wind River 146 
uggett (?) sand- Range and Rattle- 390 
snake Mountains) 
Jelm 240 
Alcova limestone 4-8 
Chugwater 860 
Dinwoody 
310 
Phosphoria 
Tensleep sandstone 300 
Amsden 350 
Madison limestone 500 
limestone and shale 5-50 
(for Lander area) 
Big Horn limestone 150 
Gallatin limestone 200 
Gros Ventre 500 
Flathead sandstone 300 


gneiss, schist, and granite 
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The formation, as a whole, consists of alternating sandstones and shales. 
The shales are commonly gray and sandy. The sandstones are massive or 
thin bedded and often show ripple-marked surfaces and crossbedding. 
The lower portion is mainly sandstone which weathers brown. Marine 
invertebrates and plants indicate alternate encroachment and withdrawal 
of the sea. 

The Mesaverde is exposed on the north end of Sand Draw dome and 
can be seen on the north end of Alkali Butte structure, overlain uncon- 
formably by Wind River beds. Its massive sandstones form Alkali Butte 
itself. South of Hudson the Mesaverde contains coal seams which have 
been mined for many years. Several beds of coal are found in the Mesa- 
verde near the south base of Alkali Butte, and at a point about a mile 
southeast of the Butte one bed is sixteen feet thick. Farther east the 
Mesaverde forms a continuous escarpment from Alkali Butte to Conant 
Creek and beyond to Muskrat Creek. A complete section may be found 
on the north end of Dutton anticline, in Secs. 24 and 25, T. 34 N., R. 90 E. 
Here the formation consists mainly of sandy shale, with a total thickness 
of 790 feet, and is overlain conformably by sandstones and sandy shales 
of the Lewis-Fox Hills formations. The sandstones of the Mesaverde in 
this area are mainly at the base and top of the formation. A four-foot 
bed of impure coal lies above it. 


Lewis and Fox Hills formations 


The Lewis shale and the Fox Hills formation are here grouped together 
because there seems to be an interfingering of their shales and sandstones. 
The normal order is represented on Conant Creek where 750 feet of gray 
marine shale is overlain conformably by 175 feet of sandstone with the 
usual gradation between the shale and sandstone. The shale is typical of 
the Lewis, and the sandstone, although thin, is quite characteristic of the 
Fox Hills. There are no exposures of these formations farther west in the 
basin, but eastward, on Dutton basin anticline and on the northeast flank 
of the Rattlesnake Mountains, they are well exposed. Here the lower part 
is mainly gray carbonaceous sandstones and sandy shales, and the upper 
sandstones are much thicker, with a total thickness from 950 to 1000 feet. 
In this locality the lower part is typical of the Fox Hills. The fossils of 
this group are shore marine invertebrates of upper Montana age; they 
mark the culmination of marine life in the basin. 

Overlying these beds, apparently conformably, are brackish and fresh 
water deposits of the Lance formation. 
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Lance formation 


The Lance is well exposed only in a few localities in the southeastern 
part of the area. The Wind River formation overlaps it and many other 
formations in the basin. Thus, only the lower 800 feet is exposed on 
Conant Creek while the Wind River conceals the upper part. 

The Lance consists of sandstones and sandy shales. The sandstones are 
distinctly brown and cemented by limonite or turgite. One of the most 
highly cemented beds near the base forms a resistant ridge, or hogback, 
on either side of Conant Creek. It has much less carbonaceous shale here 
than northeast of Dutton Dome. In the latter locality about 955 feet has 
been assigned to the Lance, and it is overlain with apparent conformity 
by the Fort Union formation. The lower part consists largely of gray 
sandy shales with many thin beds of carbonaceous shale and sandstone; 
the upper part is dominated by friable and crossbedded sandstones, A 
distinctive fact about the Lance is that many of the sandstones appear 
gray, dark gray, or brownish because of comminuted lignite particles 
mixed with the sand grains. 

A laboratory study of a number of samples showed that the only coarse 
sands in the Lance are a few feet of conglomerate near the base, on Conant 
Creek. It consists of a hard dark brown sandstone, cemented with limonite 
and silica. The range of grain sizes is from 0.1 to 2.0 millimeters, the 
average being between 0.4 and 0.5. The rock has doubtless been much 
changed by weathering; many grains now consist of a soft white 
powder, and the cement is hard and resistant. Crusts of caliche indicate 
leaching and chemical changes. Grains of gypsum in the sandstones are 
common, and many of the Lance shales carry crystals of gypsum up to 
three or four inches in length. Ground-water has effected this concentra- 
tion. 

As a whole, the Lance formation of this area appears to be a lagoon or 
salt marsh deposit in which brackish water conditions prevailed but occa- 
sionally gave way to fresh water. Crossbedding and lensing are common 
in the sandstones but usually are such as may be ascribed to the filling of 
shallow basins rather than to strong currents. The sandstones are well 
sorted, but the shales are commonly somewhat sandy, and many may be 
classified as silt stones althcugh they are friable. 

The lignite of the Lance formation in this area is too sandy to be com- 
mercially important. 

One of the few thin limestones in the Lance contains concretions of 
iron carbonate. The limestones are chemical precipitates and constitute 
less than half of one percent of the total thickness of the formation. 
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Fort Union formation 


Above the Lance, without stratigraphic break, is the Fort Union forma- 
tion. It was measured on the northeast flank of Dutton Dome in T. 34 N., 
R. 90 W., about fifteen miles south of Moneta (Pl. 94). It is exposed also 
on the northeast flank of Rattlesnake Mountains, but not exposed else- 
where in the basin except on Muddy Creek, a few miles east of Maverick 
Springs. It is quite certain there is no Fort Union in the portion of Wind 
River basin south and west of Riverton. If the outcrops on Muddy Creek, 
which the writer thinks may be Fort Union, prove to be this age, then the 
syncline along Dry Cottonwood and between Badwater Creek and the 
south slope of Bridger Mountains probably contains a full section of Fort 
Union strata. It is buried beneath considerable thickness of the Wind 
River formation, and the north side of the basin was not studied in detail. 
The best exposures known are in the extreme southeast part of the basin. 
Its thickness on the northeast flank of Dutton Dome is 940 feet. At this 
point the Wind River formation lies upon it with a fairly regular contact, 
but with discordance in dip of from one to two degrees. This uncon- 
formity, as will be shown later, is of much importance. 

The character of the Fort Union formation indicates a depositional en- 
vironment similar to, or a continuation of, that of Lance time. In the 
ease of the Fort Union, however, the fresh water marshes prevail, and 
brackish water conditions are not so common. Both formations usually 
contain coal, but none commercially valuable is found in the Fort Union 
where it is exposed in the southern part of the Wind River basin. The 
stratification and texture of this formation are more regular and uniform 
than those of the Lance. 

Laboratory study of typical samples indicates slight variation in grain 
size in the sandstones, and fine sand and silt predominate. Considerable 
search failed to reveal coarse materials in the Fort Union of this area. 
At Dutton Dome only two thin sandstone beds in the formation contain 
grains as large as one millimeter in diameter. Only a small percentage of 
the total weight consists of heavy minerals, of which muscovite is most 
common, followed by biotite. The materials, stratification, texture, and 
fossils, all indicate that the Fort Union deposits originated in lakes and 
marshes. 

Both the Fort Union and the Lance formations seem to represent the 
continuous filling of basins formerly occupied by the Upper Cretaceous 
sea while the general level of the surrounding land was still near sea level. 

In the Wind River basin the next younger formation above the Fort 


DESCRIPTION OF FORMATIONS 673 


Union has been named the Wind River formation ;!° it is equivalent to the 
major part of the Wasatch. The lowest sediments in it are conglomerates 
and coarse sandstones. Although observed contacts between the Fort 
Union and the Wind River show discordance in dip of only one to two 
degrees, this break is seemingly profound ; it is general around the basin 
and probably represents an epoch of considerable diastrophism and erosion. 
Wherever observed in this area the Fort Union formation has been folded 
or deformed with the underlying Cretaceous. The Wind River formation 
is less intensely folded. Apparently in the Wind River basin, orogenic 
processes resumed activity after Wind River deposition; hence, the struc- 
ture found in this later formation is a more faintly expressed reflection of 
the older folds and faults. In other words, the similarity between the 
structures of the Wind River and those of Cretaceous strata is qualitative 
but not quantitative. 
LOWER EOCENE 

Wind River formation 

The Wind River deposits contain much coarse material. Wherever the 
base has been observed it is either a conglomerate or a coarse sandstone. 
The formation is now known to be equivalent to middle and upper por- 
tions of the Wasatch. The oldest Wind River strata probably lie buried 
in the Dry Cottonwood syncline, along the north side of Wind River 
basin ; hence, are not exposed for study. Doubtless, these buried strata, 
together with the exposed beds, are practically equivalent to the well- 
known Wasatch. Lacking the proof for this position, the writer uses 
the term, Wind River formation, as applied by Woodruff and Winchester." 

The formation is not only of fresh-water origin, but in the Wind River 
basin is largely, if not wholly, the result of stream deposition on aggrading 
flood plains. This conclusion was reached a number of years ago, after 
a careful field study, by F. B. Loomis,” and later with more detailed study 
by W. J. Sinclair.1* A still more elaborate study of the Wasatch of south- 
western Wyoming by Sears and Bradley '* indicates an intertongueing 
of Green River strata with Wasatch, showing that at the time fluviatile 
deposits (Wasatch) were being laid down in one area, another area nearby 


10K. G. Woodruff and D. E. Winchester: Coal flelds of the Wind River region, Wyoming, 
U. S. Geol. Surv., Bull. 471 (1912) p. 516-564. F. M. Endlich, op. cit. 

cit. 

2 F. B. Loomis: Origin of the Wasatch deposits, Am. Jour. Sci., 4th ser., vol. 23 (1907) 
p. 356-364. 

13 W. J. Sinclair and Walter Granger: op. cit. 

%4J. D. Sears and W. H. Bradley: Relations of the Wasatch and Green River forma- 
tions in northwestern Colorado and southern Wyoming, U. S. Geol. Surv., Prof. Pap. 132f 


(1924) p. 93-107. 
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was receiving lake deposits (Green River). It may even be stated with 
assurance that the lakes occasionally became brackish and salty in the 
Green River basin. 

This intertongueing of fluviatile and lake deposits is not present in the 
Wind River formation, but later deposits, namely Uinta, indicate the 
presence of a temporary lake in this area. ; 

Perhaps the most striking characteristic of the Wind River formation 
is its mottling, associated with rapid changes in lithology and lensing 
of strata. Second in importance is the prevalence of coarse material, in- 
discriminately scattered through the beds. Grains of quartz or feldspar, 
up to two millimeters in diameter, are found even in strata commonly 
called shale. 

The writer prefers to call these “shales,” mudstones for they have a 
wide range of grain size, showing poor selection of material, a charac- 
teristic of flood plain deposits. The outstanding property of the Wind 
River, like the Wasatch, was pointed out by Loomis, who stated that single 
beds or lithologic members are commonly lenticular or discontinuous, 
although certain colors are rather persistent and widespread regardless of 
lithology. Lateral variation and gradation of beds is the rule. 

This makes for difficulties in mapping the structure of strata. Intervals 
to datum beds must be changed often, and the datum beds themselves 
vary along the outcrop. Many times the intervals between beds, or to a 
datum bed, become merely the interval to a selected hypothetical plane 
or stratigraphic horizon lying in the middle of a shale or sandstone bed 
rather than at its top or bottom. 

Color zones are present in the Wind River formation, however, and on 
this basis it can be divided roughly into parts (P1.97 B). The upper zone, 
600 to 800 feet thick, is of red and gray strata. Color predominance varies 
from place to place. Some green and yellow strata are present in this 
zone. Locally, one of the prominent features of the formation is the 
presence of yellow to orange, coarse, channel sandstones. Near the base 
of the zone is a gray porphyritic tuff, conspicuous along the east side of 
Beaver Creek, on Beaver Creek dome. It crops out also dn the west side, 
near the crest of the high divide between Beaver Creek and the Hudson coal 
mines. It has an observed thickness of two to six feet and contains some 
quartz grains and numerous feldspar crystals, occasionally as much as 
half an inch in diameter. The specific gravity of this tuff varies from 
2.1 to 2.2, and a porosity test showed 21 percent. Many of the feldspar 
crystals show alteration to kaolin. From chemical analysis made by A. H. 
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Phillips, and from its physical properties, the rock is classified as a 
porphyritic rhyolite tuff. 

Below the tuff and the zone of red beds is the lower zone, which com- 
prises gray, yellow, and brown strata containing many coarse sandstones 
and some conglomerates having a minimum thickness of 400 feet. The 
total thickness of Wind River strata exposed in the southeastern part of the 
basin does not exceed 1200 feet. Inasmuch as the formation was laid down 
on an eroded surface which, apparently, had reached maturity, this lower 
zone is variable in thickness. However, its maximum thickness probably 
does not exceed 2000 feet in the Wind River basin, which, with 800 feet 
for the upper zone, makes an estimated maximum of 2800 to 3000 feet for 
the formation. The Wind River (Wasatch) formation of the northwest 
extension of the basin has not been measured by the writer, but from 
casual examination it seems probable that the upper zones are thicker be- 
tween Crowheart Butte and Dubois so that the entire formation may ap- 
proximate 4000 feet of sediments in the narrow trough separating the 
Wind River Range from the Ow] Creek Mountains. 

Sandstones and conglomerates of the Wind River formation contain 
water-worn grains and fragments of many kinds of rocks and minerals. 
The basal member, as observed in the southeastern part of the basin, con- 
tains pebbles up to two or three inches in diameter. Many of them, how- 
ever, are remarkably smooth flattened ellipsoids with intermediate and 
minimum diameter of one-half to one-quarter inch. The principal mate- 
rials in them are varicolored quartzites and phyllites. White and black 
are most common, followed by green and red. There are also pebbles of 
granite, gneiss, quartz, pink and gray feldspar, with some large biotite 
flakes and chlorite grains. 

Fossils have been found in the Wind River formation in several locali- 
ties. The upper red and gray zone has yielded several species of Hohippus 
and Lambdotherium and also about a dozen other species including croco- 
diles, gar pikes, and turtles.'° Plant remains have also been found. The 
most prolific area for fossils is in the vicinity of Lost Cabin, between 
Lysite and Cottonwood creeks. The following examples of the fauna 
represent incomplete fossil lists: 

Lambdotherium, Eotitanope, Coryphodon, Bathyopsis, Phenacodus, 
Meniscotherium, Eohippus, Heptodon, Hyrachyus, Polycodus, Notharctus, 
Esthonyz, and Glyptosaurus. 

Examples of the flora are: 

Lygodium, Dryopteris, Cyperacites, Myrica, Quercus, and Platanus. 


% Walter Granger: op. cit. 
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The fauna and flora of the formation, especially the presence of fish and 
crocodiles, indicate plainly the fluviatile nature of the deposit. The age 
determination, as made by Sinclair and Granger 1° for the red and gray 
portions of the Wind River formation, is upper Lower Eocene, equivalent 
to Middle and Upper Wasatch. The lower zone, including the non-ex- 
posed portion, may well be the equivalent of the lower Wasatch. 

Above the Wind River deposits is a group of brown, gray, and drab beds 
of similar origin. Sinclair and Granger,’* on stratigraphic grounds, 
referred these beds, although apparently barren of vertebrate fossils, to the 
Bridger formation. 

MIDDLE EOCENE 
Bridger (t) formation 

Maximum thickness of the strata referred to the Bridger formation in 
the area is 400 feet. This occurs in the Sweetwater escarpment around 
the head of Sand Draw (Loc. F, Pl. 95, Pls. 96 and 98 A). The type 
locality for the Bridger is in the Bridger basin in southwestern Wyoming, 
between the towns of Green River and Evanston. Here, the formation 
has a thickness of 1800 feet. It is of Middle and Upper Eocene age. In 
the Beaver Divide, or Sweetwater escarpment, the so-called Bridger rests 
unconformably upon the red and gray zone of the Wind River formation. 
This unconformity is evident at the base of the escarpment at the head of 
Sand Draw, where the Wind River strata, which are involved in the folding 
of the Sand Draw structure, show dips of from five to ten degrees, whereas 
the Bridger, above, lies practically flat or with a slight southeast dip of 
one degree or less. Again, west of Green Cove (Loc. B, Pl. 95) and near 
the main road from Lander to Rawlins the red and gray strata of the 
Wind River formation dip northeastward from three to five degrees while 
the drab and gray beds of the Bridger are practically flat. Then, too, 
the Bridger formation thins rapidly, both to the east and to the southwest, 
from the head of Sand Draw (PI. 96). Hence, there is an erosional and 
structural unconformity between the Bridger formation and the Wind 
River formation in this area. 

The Bridger formation at locality E (Pl. 96) also has a thickness of 
400 feet, is yellow to brown, and is characterized by easily eroded mud- 
stones, which form brown, drab, or olive “elephant backs,” and usually 
support little or no vegetation. A few inconspicuous thin, red or purple 
clay beds occur. It isa fluviatile deposit, similar to the Wind River forma- 
tion in texture. About a mile southwest of this locality below Wagonbed 


%W. J. Sinclair and Walter Granger: op. cit. 
7 Op. cit. 
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Spring (Loc. D, Pl. 96) a white volcanic ash bed is found interbedded with 
thin streaks of impure lignite. Sinclair and Granger '* have described 
this as follows: 


Owing to those landslides (common in the soft clays and shales of 
the Bridger), the contact between the variegated shales or clays and 
a bed of white lignitic tuff whch overlies them has been either concealed 
or so dislocated at every exposure discovered that we have not been 
able to ascertain whether it rests conformably on the clays or not. 
From its absence in the Green Cove section, and also to the northeast 
about the headwaters of Muskrat Creek, the tuff bed is evidently lens- 
shaped. Exposures were examined for a mile and a half or more north 
of Wagonbed Spring which issued from the tuff in a land-slipped block, 
and for about a half mile to the south of the spring, beyond which 
the tuff is concealed by talus and probably thins out and disappears. 


They give its thickness as from 25 to 75 feet. Further they state that: 


Under the microscope, the pulverulent tuff . . . is seen to be made 
up almost entirely of exceedingly fine isotropic granules which ap- 
pear structureless even under a 370 diameter magnification. 


The more compact variety contains olive-green biotite foils scattered 
through the white matrix. According to their statement, feldspar, horn- 
blende, and pumice are also present. 

The tendency to slumping in the Bridger formation (P]. 98 A) makes it 
difficult to study the true succession of strata, except at a few places. Most 
of the slumps of any size show tilting of the strata at steep angles toward 
the escarpment. This is probably caused by the particular curvature of 
the slump surface. Some of the best exposures of Bridger are found along 
the bluff and in the high butte east of Sand Draw. The formation thins 
out in a short distance to the east and to the west of the head of Sand 
Draw. It is absent along the road up the escarpment, from Lander to 
Rawlins (Loc. A, Pl. 95). Itis absent at the head of Muskrat Creek (Loc. 
H, Pl. 95). At Chalk Springs (Loc. G, Pl. 95) there is much slumping 
along the foot of the bluff; however, here about 150 feet of beds similar 
in character to the Bridger have been so classified. 

Fossil shells collected by Collier !® at the head of Sand Draw have been 
identified by W. H. Dall, and referred to Bridger age. The list of forms 
found four miles east of the P and R camp are: Vivipara Wyomingensis, 
Physa bridgerensis, and Planorbis spectobtlis. 


1% Op. cit. 
WA. J. Collier: Gas in the Big Sand Draw anticline, Fremont County, Wyoming, U. S. 
Geol. Surv., Bull. 711h (1919) p. 75-83. 
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UPPER EOCENE 
Uinta formation 

The stratigraphic sections (Pl. 96) give the thickness and the relations 
of the Uinta formation as exposed in this area. The strata are essentially 
parallel with the Bridger below and the Oligocene formations above, al- 
though there is much evidence of erosional unconformity at the top of the 
Uinta and little indication of unconformity at its base, wherever the 
Bridger formation is present. 

This formation (Pl. 98 B) consists of well-bedded green clays, green and 
gray silicious shales, and fine-grained sandstones. Some of the strata are 
hard enough to be cliff-forming. In places, as on the escarpment north of 
Lone Butte (Loc. C, Pl. 95) and on the escarpment south of Barrel Spring 
(Loc. F, Pl. 95), the Uinta is capped by a hard coarse sandstone which is 
conglomeratic in places. This bed is thirty feet thick, southeast of Barrel 
Spring (Loe. F, Pl. 95), but all the lower part of the Uinta formation is 
made up of well-bedded fine-grained sediments, indicating lake deposits. 
In this respect, they are similar to the Green River formation. However, 
the presence of Amynodon and other fossils indicates that these beds are 
late Eocene in age, and younger than the Green River beds. 

Granger *° lists the following fossils from the Uinta of this area: 

? Diplacodon, Amynodon ? antiquus, Protoreodon ? parvus, Camelid, 
gen. nov. 

OLIGOCENE 
White River group 

Sweetwater member—Unconformably on the Uinta formation, from 
the head of Sand Draw southwestward to the south end of the Wind River 
Range, is a boulder bed whose thickness varies from a few feet to 150 feet 
(Pls. 99 A and B and 100 A). For the most part, the material is un- 
stratified and poorly sorted. It ranges from sand grains to ten- or twelve- 
foot boulders. 

One lens of material, extending from Wagonbed Spring (Loe. D, Pl. 95) 
southwestward for about two miles, shows no sorting of material and no 
stratification. It has a thickness of from 50 to 85 feet. The base is visible 
and traceable all the way; at places it lies on the Uinta sandstone (PI. 
100 A), and at others on Uinta shale or clay. Blocks of sandstone, con- 
glomerate, tuff, and porphyry, up to ten or twelve feet in diameter, are in- 
closed in a matrix of finer material containing chert, granite, and schist 
pebbles. Farther to the northeast (Pl. 99 A), and also to the southwest 
(Pl. 101 A), the boulders are smaller, although many of them measure 


2 Walter Granger: op. cit. 
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A. Looking north from escarpment at the head of Sand Draw. Bridger formation 
in the ridge at the extreme right. 


B. Looking northwest into Wind River basin down the government slide road. 
Uinta; formation. 
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three to four feet. The larger boulders usually occur as local concentra- 
tions in the finer material. 

Rocks of many kinds are included in this formation. At the head of 
Sand Draw, and toward the southwest end of the outcrop, granites, 
gneisses, and schists predominate (Locs. A and C, Pl. 95; Pl. 100 B). In 
the high bluff northwest of Lone Butte (Loc. C, Pl. 95) there seem to be 
two rather distinct parts tothe member. The lower (PI. 100 A), twenty to 
forty feet thick, is made up almost entirely of well-rounded boulders of 
quartzite, schist, gneiss, and granite, from six to eighteen inches in diam- 
eter. The upper part, from thirty to sixty feet thick, contains much fine 
material without stratification or sorting and a scattering of boulders, 
mostly of red and gray porphyries, from a few inches to two or three feet 
in diameter. 

Near the base of the member at this place, within a foot of the Uinta 
clay, a quartzite boulder was found with striations or scratches on one 
side. It was otherwise fairly well rounded, and about eighteen inches in 
diameter. Two or three smaller striated pebbles have been found. In 
spite of much searching the writer could find few rocks whose glacial 
origin could be supported (P].99 B). Although striations are rare, many 
of the boulders have planed faces. These shapes are found in boulders of 
all sizes and kinds (P1. 100 B). Grooving, although not uncommon, never 
crosses the grain of the rock. These features, together with the irregular 
thickness of this deposit, led the writer in 1930 to postulate a glacial 
origin for this material. 

The first examination of the fine material in this stratum showed a 
dominance of rock flour. Five samples, from the head of Sand Draw 
and Wagonbed Spring, showed from 90 to 95 percent of crystalline mate- 
rial. However, of eight samples collected later, and farther south in the 
portion which carries porphyries and tuff boulders (Loc. D, Pl. 95), six 
samples show from 60 to 80 percent of glass, and the other two show 
about equal amounts of glass and crystalline material. Fragments of 
white pumice were found here and there in the tuff boulders. This mate- 
rial is undoubtedly of volcanic origin, although its source is unknown. 
Other material associated with the agglomerate is now believed to be 
alluvial rather than glacial. 

Further field and laboratory studies have led the writer to abandon the 
glacial hypothesis in favor of a combined alluvial and pyroclastic origin. 
The history of the area has been worked out more fully and is discussed 
on other pages. Uplift, causing increased erosion, talus slides, and flood 
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wash, accompanied by volcanism, is now believed to have been responsible 
for the formation of the Sweetwater member. 

From Wagonbed Spring (Loc. D, Pl. 95), southwestward for a mile and 
a half, the Sweetwater (Pl. 101A) member is mainly agglomerate. It 
stands up in a cliff, 65 to 85 feet high. It is well-consolidated, unstratified, 
and unsorted material. Interfingering into this pyroclastic lens on either 
side are the boulder beds of alluvial origin (PI. 96). 

Although the source of the materials is not known, it seems certain that 
the large boulders did not come far. Their origin is probably directly 
connected with the Granite Mountains, which are believed to have been 
much higher at the time the deposits were formed. 

On the top of Crook’s Mountain and on Green Mountain are similar 
deposits of boulders and huge blocks of granite. At the time these, in- 
cluding the Sweetwater member, were formed, the Granite Mountains 
stood at least 2500 feet higher, and possibly 3500 feet relatively higher, 
along their south side than they do now, and the range of mountains in- 
cluding Ferris, Green, and Crook’s mountains were then foothills to the 
main granite range. This assumption also explains the coarse alluvium 
at the base uf the White River strata overlying steeply-dipping Mesozoic 
and Paleozoic beds at Aleova. Furthermore, Green and Crook’s mountains 
are flat, or mesa-like, with a gentle south slope, and are believed to repre- 
sent the mountainward edge of the late Eocene peneplain. This will be 
discussed further under the subject of geologic history. 

An interesting bit of evidence on the origin of the boulders on Green 
Mountain can be seen on the east side of Crooks Gap. Here, the Wasatch 
strata, extending well up toward the top of the slope, are overlain along 
the north edge by limestone boulders, a little farther south by quartzites, 
and still farther south, and at a higher elevation, by granites, indicating 
the progressive unloading of the ancient Granite Mountains, which then 
lay to the north, at a greater height. 

Above the boulder beds, or Sweetwater member, along the Sweetwater 
rim are consolidated gravel and sand beds of fluviatile origin (Pl. 96). 


Chadron and Brule—The boulder beds described above are believed to be 
the initial stage in the development of the White River group. Granger 7! 
found a skull of Titanotherium in these beds, near Wagonbed Spring (Loc. 
D, Pl. 95). Immediately above the Sweetwater member are stratified 
sands and gravels clearly of fluviatile origin, ranging from a few feet to 
twenty or thirty feet in thickness. These are overlain by 200 to 300 feet of 
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uniformly soft, flesh-colored, fine sand and ash containing considerable 
lime cement toward the top (Pl. 101 B). The writer has not made a petro- 
graphic study of this member, but Sinclair and Granger ** have published 


the following description : 


Locally, the ash is still quite unconsolidated, but usually shows con- 
siderable calcareous cementation, especially toward the top of the 
section where it may pass into a tuffaceous limestone. Angular frag- 
ments of more or less devitrified pumice, in which a flow structure is 
beautifully defined, and sharp splinters of isotropic glass make up 
more than fifty per cent of the soft ash. The remainder consists of 
abundant angular fragments of plagioclase (average extinction to 
twin-lamallae ranging from 11 degrees to 23 degrees) water-clear or 
slightly cloudy orthoclase sometimes including apatite, in one slide 
a small feldspar granule with cross-twinning resembling that charac- 
teristic of microcline, hornblende both dark green and blue-green, olive- 
green and golden brown biotite, small fragments of quartz, an occa- 
sional particle of hypersthene, and many black opaque grains, prob- 
ably iron oxide. The harder phase of the ash, after removal of its 
calcareous cement by treatment with acid, differs in no respect from 
the softer material with which it is interstratified. 


This member is largely of volcanic origin. Sinclair and Granger would 
assign its material to windblown volcanic ash. The writer has not ob- 
served wind-formed crossbedding. Usually, stratification is obscure, but 
where present, bedding is regular and parallel. That it is voleanic ash 
seems evident, but that any large part of it was ever re-worked by water 
or wind, is doubted. It is believed that the materials from successive 
violent voleanic explosions settled upon dry land and were only slightly 
reworked by wind or water. The source is believed to have been at a 
distance, possibly in the Yellowstone Park area. The fact that this forma- 
tion is spread widely in eastern Wyoming, Colorado, southeastern Mon- 
tana, western Nebraska and South Dakota suggests that it is contempo- 
raneous with one of the great volcanic breccias in northwestern Wyoming. 

Chert nodules are found here and there, in layers and masses. The 
masses are probably due to secondary concentrations by ground water and 
by evaporation of siliceous spring waters. 

Overlying this fairly soft member consisting of several hundred feet of 
voleanic ash is another sand and gravel member of fluviatile origin, which 
caps most of the buttes and high ridges in the western part of the Sweet- 
water plateau (P1.101 B). It is labeled the “Cap Rock” on the map (PI. 


95). 
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In this area the “Cap Rock” is well cemented and resistant. Its thick- 
ness is usually twenty to forty feet, but farther east, at the head of Muskrat 
Creek (Loc. H, Pl. 95), it attains a thickness of about 300 feet. In its 
lower part it contains three- to four-foot boulders of schist, quartzite, 
diorite, granite, and other igneous rocks. Fairly rapid streams, with a 
nearby source, are suggested, but toward the close of the epoch a leveling 
is indicated by the accordant summits of the buttes and the uniform 
elevation of the escarpment at the head of Muskrat Creek. 

The “Cap Rock” is a part of the White River group and is the youngest 
formation in the area studied, except for unconsolidated gravel of the 
later terraces, the alluvium of the present streams, and sand dunes. 


GRAVEL TERRACES 


In the southeastern part of the Wind River basin no extensive gravel ter- 
races have been observed ; however, northwest of the Wind River a gravel- 
covered plain lies several hundred feet above the present stream gradient, 
forming an extensive and marked feature of the topography. There is 
also a lower terrace, or series of gravel-covered benches, which can be 
observed here and there. These gravel beds are all stream worked and 
stream deposited. They are unconsolidated and contain well-rounded 
pebbles and boulders of many kinds, up to one foot in diameter. They 
are coarser to the west. Locally, the gravels have been used for road metal 
and for concrete structures. 

The age of these gravels has not been determined, but it appears to be 
Pliocene (?) or later. In general, their plane slopes toward the main 
drainage of the Wind River, and was doubtless formed by the ancestral 
Wind River. 

RECENT 
Alluvium and sand dunes 

Sediments of recent age are found along all the stream courses, and on 
some of the uplands are patches of wind-blown material. On some hills 
and ridges, south and east of the Wind River, are loose gravel and small 
boulders. The latter are probably derived from the once more extensive 
White River group. However, most of the soil appears to be derived 
from the formations immediately underlying it or with an admixture of 
wind-blown material. 

The permanent streams of the basin carry little sediment during the 
greater part of the year, but a slight rain causes the water to become 
muddy, and the torrential rains which come in the spring and in late 
summer cause a great amount of washing and often cut deep gullies in 
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a few hours (Pls. 97 B, 98 A and B). Generally, the intermittent streams 
are merely wide sandy flats most of the time, but become torrents of mud 
after a heavy rain storm. These streams dry up quickly after the storms, 
and within a few days or a week are again broad sand flats. The wind 
piles this dry sand into heaps, usually on the east side of the channel, in- 
dicating prevailing westerlies. It may carry the finer material for miles. 
The largest area of dunes is shown on the map (Pl. 95), a few miles west 
of Moneta. 
STRUCTURE 


GENERAL FEATURES 


Wyoming may be regarded as a group of structural and topographic 
basins rather than as a series of mountain ranges and plains. When this 
viewpoint is taken, many of the geologic and physiographic problems be- 
come more simple. Wind River basin of west central Wyoming (Fig. 1 
and Pl. 94) is both a structural and a drainage basin. It is bounded on 
the northeast by the southern end of the Bighorn Mountains, on the 
north by the Bridger and the Owl Creek mountains, on the west and south- 
west by the Wind River Range, on the south by the Sweetwater escarp- 
ment (PI. 97 A), and on the southeast by the Rattlesnake Mountains. On 
the eastern end, the drainage divide is present, but the structural divide 
is not evident, although the long narrow strip in which Wind River 
deposits occur, extending southeastward from the vicinity of Walton 
(Pl. 94), is usually referred to as the Powder River syncline and is natu- 
rally distinct from the Wind River basin proper (PI. 94). 

By far the larger part of the central area consists of a broad expanse of 
low hills and ridges with uneven heights and irregular contour. On the 
north side of the Wind River are some gravel-capped ridges which have 
smooth, gently sloping tops, indicating stream planation. These features 
are scarcely present at all in the southeastern part of the basin. 

In the following pages the structure is discussed by districts beginning 
at the north side of the basin. 


SOUTH SIDE OF OWL CREEK AND BRIDGER MOUNTAINS 


The Owl Creek and the Bridger mountains are parts of a huge anti- 
cline. In each, large areas of pre-Cambrian granite and metamorphic 
rock (Pl. 94) were exposed by erosion as the folding proceeded. The 
amount of uplift and the consequent erosion can be calculated rather 
closely, because all the strata up to, and including, the latest Cretaceous 
are essentially parallel, and at the end of Lewis shale deposition were 
still below sea level. Hence, approximately 14,000 feet of strata have 
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been removed, and the central mountain masses have been elevated 12,000 
feet above sea level since the beginning of Tertiary time. This gives a 
total uplift of at least 26,000 feet for the immediate areas involved in 
the central parts of the Owl Creek and the Bridger mountains. This may 
have been accomplished by a force from below or by tangential squeezing. 

There are several large faults paralleling the Owl Creek Mountains 
along their southern flank. These faults have a steep dip, and one has 
a displacement of over 2000 feet. In Wind River Canyon the southern- 
most fault of importance shows Triassic strata against Cambrian. The 
dip of the strata is steep along the southern flank of these mountains, 
reaching 80 or 85 degrees at several points. These facts, with the pres- 
ence of a persistent syncline in the Tertiary beds, indicate a deep struc- 
tural trough immediately south of the mountains, which, in the 
writer’s opinion, is structurally the deepest part of the Wind River basin. 
The surface strata in this locality now lie at an elevation of 4700 to 5000 
feet above sea level. Therefore, all the Paleozoic and most of the Meso- 
zoic strata are below sea level in this syncline. 


FOOTHILLS OF THE WIND RIVER RANGE 


The structure along the west and the southwest parts of the Wind River 
basin is well exposed in the foothills of the Wind River Range. As men- 
tioned previously, the outer, or more northeasterly, foothills are caused 
by a fold on the flank of the mountains. This fold, consisting of an anti- 
cline with its accompanying syncline, is more than fifty miles long and 
parallels the main mountain range farther southwest. The anticline 
consists of a series of elongated domes, located end to end, as shown on 
Plate 95. Dips on the northeast flank of these domes average close to 
thirty degrees; those toward the syncline along the southwest flanks are 
steeper, as an extreme seventy or eighty degrees, and usually ten to fifteen 
degrees steeper than on the northeast. Within a few miles east of the 
anticline the structure flattens considerably, and the Cretaceous strata dip 
beneath the gently-dipping beds of the Wind River formation. 

West of this comparatively narrow syncline, the strata rise again on 
the flanks of the Wind River Range, which is an enormous uplift, prob- 
ably of monoclinal nature, faulted on the west side, and without reversals 
of dip. The dips in the Paleozoic strata along the northeast flank of the 
mountains average ten to twenty degrees. The structure along this flank 
is comparatively simple and characteristic of many mountain flanks. The 
dips are steepest near the present bottoms of the canyons and gorges, 
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flattening with rise of strata to higher levels, and also with depth below 
the surface. 
SWEETWATER ANTICLINE 

The structure of the Mesozoic and the Paleozoic strata along the south 
side of the Wind River basin is controlled largely by the upfold of the 
Granite Mountains area. Viewed broadly, this is a great anticline with 
subsidiary marginal folding, which on the south side parallels the main 
axis fairly closely, but on its north side the minor folds are arranged en 
echelon (Pl. 94). Through the central portion, where the granite peaks 
predominate, the structure is concealed under a cover of the gently dipping 
White River formation, but there is little doubt that here a great anticline 
was formed during Eocene time. North of the Sweetwater escarpment, 
where Oligocene and Eocene strata have been removed by erosion, the en 
echelon folds are revealed along the flank of the larger Sweetwater anti- 
cline. Among these subsidiary folds are Sand Draw, Alkali Butte, 
Conant Creek, Muskrat Creek, Dutton, and the Rattlesnake Mountains 
(Locs. T, R, 8S, V, Y, Pl. 94). The trend of the main Sweetwater anti- 
cline is nearly east-west, whereas the axes of the folds enumerated above 
are all northwesterly. All the strata up to, and including, the Fort Union 
formation are involved equally in this deformation. The Wind River 
formation is also folded but to a much less degree. Nevertheless, the 
dips in this formation are like those of the older formations in position 
and direction, but not so great. Dips in the later Eocene and the Oligo- 
cene beds, although slight in amount, are opposed, so far as observed, 
to those in the older strata. In general, along the base of the Sweet- 
water escarpment the Wind River formation dips northward from one 
to two degrees, except where included in the local folding of the older 
formations. On the other hand, the Bridger, the Uinta, the Sweetwater, 
and the White River strata dip southward or southeastward about the 
same amount. This significant fact, coupled with the great normal fault 
along the north side of the Green and the Ferris mountains, explains the 
comparatively low-lying Granite Mountains and the preservation of the 
great area of White River beds surrounding them. The Sweetwater 
anticline, including the Granite Mountains, was fully involved in the 
great folding and faulting at the close of Fort Union deposition, and 
again in a similar orogenic movement, after Wind River deposition. 
Thus, in the Eocene and the Oligocene periods the Granite Mountains 
were similar in height and passed through the same stages of growth and 
of erosion as the other ranges around the basin. Unlike the Bridger, 
the Owl Creek, and the Wind River mountains, however, the Granite 
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Mountains were depressed, at least several thousand feet, following the 
White River deposition. This explanation is further attested by the 
fact that Wasatch (Wind River) beds extend to the top of the Green 
Mountains, both east and west of Crooks Gap, while north of the moun- 
tains the White River formation lies at a much lower elevation, with its 
base variously estimated from 800 to 1500 feet below the surface. This 
condition is due to normal faulting after White River time. The normal 
fault runs in a northwest-southeast direction, just north of Crooks Gap. 
At this point it can be seen, and its vertical displacement is estimated at 
over 2500 feet. An older thrust fault parallels it and farther east has 
brought granite in contact with early Eocene strata. 

The Sweetwater anticline was similar in size and height to the Owl 
Creek-Bridger Mountain anticline during Eocene time. It may have 
been higher, but it is hardly possible that it was lower. The deep erosion 
of the Granite Mountains, from which nearly all Paleozoic and Mesozoic 
strata were removed, was accomplished in Eocene time. This could not 
have taken place if the mountains had been relatively low, as at present. 
Today, the Owl Creek range stands approximately 4000 feet higher and 
the Wind River Range 5000 feet higher than the Granite range. 

Although the folds, revealed along the base of the Sweetwater rim, have 
their axes in a general northwest-southeast direction, local variations from 
this make the axes swing from nearly north to nearly west. Possibly 
this is caused by application of forces from more than one direction, or by 
rotation. A few normal faults, such as those on Muskrat anticline, run 
east and west or somewhat northeasterly and southwesterly. These were 
formed by tension rather than compression and are, therefore, due to 
later movements than those causing the folding of the anticline. 


GREEN MOUNTAIN ESCARPMENT 


The writer visited the Green Mountains, on the south margin of Sweet- 
water Valley, on several occasions because, although outside the area of 
immediate observation, they are obviously related to the Granite Moun- 
tains and the Sweetwater plateau. These mountains lie on either side 
of Crooks Gap (PI. 102 A and B) and extend as far east as Whiskey Peak, 
which is immediately west of Muddy Creek. From Crooks Gap the Green 
Mountains extend westward as a gradually declining ridge for six or eight 
miles until they merge with the plateau. About eight miles farther west 
is a low-lying outcrop of folded Paleozoic strata. All along the north 
side of this escarpment, which is more than thirty miles in length, the 
upper part of the White River formation is in contact with older rocks, 
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A. Sweetwater member in sec. 32, T. 32 N., R. 95 W. 


B. Scratches on boulder in the Sweetwater member in sec. 3, T. 30 N., R. 96 W. 


SWEETWATER MEMBER 
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A. Contact of the Sweetwater member and the Uinta formation in sec. 24, T.31 N.,R.96 W. 


B. Granite and other igneous boulders in the Sweetwater member in sec. 3,T. 30 N.,R. 96 W. 


SWEETWATER AND UINTA FORMATIONS 
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from pre-Cambrian granite to Wasatch (Wind River) beds. Fath ** has 
argued for the post-Wasatch age of the Ferris and the Seminoe mountains 
farther east. However, this writer does not agree with Fath as to the 
character of the forces which produced these later movements. He agrees 
that the early movements were caused by tangential compression and 
were accompanied by great thrust faulting in the area, at least from 
Muddy Gap eastward. However, instead of having the later uplift 
brought about by compressive forces causing overthrusting from the north 
and forming a line of subsidiary domes on the south flank of these moun- 
tains, known as Bunker Hill, Mahoney Dome, Ferris Dome, and G. P. 
Dome, this writer believes that the compressive forces that caused folding 
and thrust faulting also formed these domes but had spent themselves 
before the close of the Eocene and that the subsequent break, which now 
marks the north edge of Ferris Mountains and Green Mountains, is a 
normal fault. The uplift of a large area in central Wyoming in post- 
White River time caused crustal elongation, and the great block of the 
Granite Mountains dropped in excess of 2500 feet in the vicinity of Crooks 
Gap, on its southern margin. This great block, which is thirty to sixty 
miles north and south and forty to fifty miles east and west, sank mainly 
on its south side and probably hinged not far from the south flank of 
the Owl Creek Range. 


CENTRAL PART OF WIND RIVER BASIN 


The youngest strata affording evidence of structural deformation in the 
central part of Wind River basin belong to the Wind River formation of 
lower Eocene age (Pl. 95). These strata have been subjected locally to 
folding and faulting. Dips as high as fourteen degrees have been found 
in a few places. The most pronounced folds known are those of Beaver 
Creek dome, with dips up to five degrees; Riverton dome, with one dip 
of eight degrees ; and Poison Creek dome, five miles southeast of Shoshone, 
with dips up to fourteen degrees. The axes of these folds run nearly 
north and south. In general, however, the major streams all follow syn- 
clines, except perhaps Muskrat Creek which is synclinal only in parts of 
its course; in other parts of the stream’s course the strata lie nearly flat. 

It may be inferred, because the principal folds in the Wind River beds 
have north-south axes, that the forces causing the middle Eocene move- 
ment were east-west in their action, and the earlier Eocene movements 
were caused by forces acting in a northeast-southwest direction. This 


3A, E. Fath: The age of the domes and anticlines in the Lost Soldier-Ferris district, 
Wyoming, Jour. Geol., vol. 30, no. 4 (1922) p. 303-310. 
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may, or may not, be the case. The writer does not think the evidence so 
far as observed is conclusive. 

The area where the Wind River formation now forms the surface rocks 
does not afford evidence of deformation later than that of Middle Eocene 
time. The post-Oligocene uplift is recorded in the White River strata 
and in the physiography of the region. 


SUMMARY OF STRUCTURE 


The areas described are more or less distinct geographic units, which 
lend themselves to structural discussion. It is not to be supposed that 
they are unrelated to each other, but rather each area contributes some- 
thing to the structural history of Wind River basin. Likewise, if we are 
to understand the structural history of the central Rockies we must analyse 
the geology of its constituent parts. Because the areas here discussed are 
ranges in the larger system and because they reveal a fairly complete and 
consecutive series of events, their bearing on the history of the Rocky Moun- 
tains as a whole must be apparent. Hence, the following general course 
of events and their interpretation is given. 

First, the earlier forces of mountain building around Wind River basin 
were caused by tangential compression, producing much folding and some 
reverse faulting. Second, these orogenic movements were again at work 
after the lower Eocene epoch, and before Bridger time. Third, local up- 
lifts and warping took place at the close of the Eocene and just before the 
White River formation was deposited. Whether these were orogenic or 
epeirogenic is not known, but they were attended by explosive volcanism. 
Finally, in post-White River time, probably in early Miocene, a general 
uplift of the region caused elongation of the crust, locally, and extensive 
normal faulting. At this time the Sweetwater anticline was relatively 
depressed, dropping mainly along its southern side. The Ferris and the 
Green mountains, which up to this time were foothills of the larger Granite 
range, were raised, relative to it, and became the higher topographic fea- 
ture, as they are today. 

The table (p. 693) sets forth some of the events and contrasts the 
mountain areas with the basin areas. It is important to note three things 
in this table; first, compressive forces prevailed during the Eocene; sec- 
ond, a peneplain was developed during late Eocene; and third, the forces 
at work during the latter part of the Tertiary caused uplift without fold- 
ing but attended by normal faulting, indicating crustal elongation rather 
than compression. 
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GENERAL STATEMENT 


Sedimentary rocks of this area are vestiges of formations representing 
many of the periods from Middle Cambrian to Recent, with perhaps a 
major part of the time represented. However, several important periods 
are not represented, and many smaller breaks in deposition obscure a 
large part of the history. From Middle Cambrian to the close of the 
Cretaceous the region oscillated above and below sea level many times, but 
with no important deformation. With the close of the Cretaceous period 
came the building of the Rocky Mountains, the sinking of the intermon- 
tane basins, and the last withdrawal of the sea. It is this later history 
with which this paper is mainly concerned, as it explains events related 
to the building of the central Rocky Mountains. 


DISCUSSION 


It is quite certain that the loci of future mountain ranges were already 
determined as early as Fox Hills time, but the movements which caused 
the withdrawal of the sea at that time were epeirogenic rather than oro- 
genic. However, at the beginning of Lance time (see table, p. 693) and 
also at the beginning of Fort Union time, there is evidence of local uplift 
at a number of points in the Rocky Mountain region; e. g., Park County, 
Wyoming**; San Juan Basin, New Mexico**; Raton Basin, New Mexico.”® 
It is suggested that the Lance and the Fort Union strata may never have 
extended completely across the axes of any of the central Rocky Moun- 
tain ranges; even marine strata of the Upper Cretaceous are known to 
thin toward the mountain axes.?? 

That the mountain areas were low and that steep gradients were gen- 
erally lacking seems quite certain, judging from the fineness of the mate- 
rials in the Lance, the Fort Union, and associated formations. 

Orogenic movements took place in this region in the Lower Eocene, and 
the relations of the Wind River formation to the underlying beds are 
such as to indicate that a great deal of folding, faulting, and erosion took 


*D. F. Hewett: Geology and oil and coal resources of the Oregon Basin, Meeteetse, 
and Grass Creek Basin quadrangles, Wyoming, U. S. Geol. Surv., Prof. Pap. 145 (1926). 

% J. B. Reeside, Jr.: Upper Cretaceous and Tertiary formations of the western part of 
the San Juan Basin, Colorado and New Mevico, U. S. Geol. Surv., Prof. Pap. 134 (1924) 
p. 1-70. 

*W. T. Lee: Geology of the Raton Mesa and other regions in Colorado and New 
Merico, U. S. Geol. Surv., Prof. Pap. 101 (1917) p. 9-221. 

7 J. H. Johnson and H. A. Aurand: A preliminary contribution to the Benton paleo- 
geography of eastern Colorado, Am. Assoc. Petrol. Geol., Bull., vol. 13, no. 7 (1929) 
p. 850-853. 
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place here before the Wind River sedimentation was completed. In 
places the upper part of the Wind River rests on rocks of early Paleo- 
zoic age, and even on pre-Cambrian granite. The topography estab- 
lished in this erosional period was rugged and only reached the age of 
maturity (Fig. 2). 


w 
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Cross-section from west i east in T.32N shows present positions of former 
erosion surfaces caused by folding and warping (idealized) 


Early Eocene erosion surface, Post-Oligocene peneplain. 
Late Eocene penepiain. Present surface 


FicurE 2.—Present positions of former erosion surfaces 


Following the Fort Union epoch, and before Wind River deposition 
was completed, the mountains and the basins came into existence, with 
the same areal distribution as today, but with less deformation. How- 
ever, no sooner had the orogenic movements begun than the processes of 
erosion began tearing down the higher land and aggrading the basins. 
The great mountain folds were complicated by many collateral folds and 
faults. The basins were depressed structurally, but their surfaces were 
built up by deposition. Thus, the record is preserved so that it can now 
be examined instead of being buried beneath the sea. 

There are at least three primary assumptions to be considered with 
regard to the speed of deforming movements and the relation to sea 
level: First, that the mountains surrounding Wind River basin were as 
high as now; second, that there was a deep unfilled basin with floor below 
sea level; third, that the movements causing mountains and basins were 
slow enough to permit the agents of erosion to keep pace with them. In 
reply to the first assumption, it is pointed out that the material of the 
Wind River formation, particularly near its known base, is coarse, but 
with pebbles only up to two or three inches in diameter. Certainly these 
did not come from steep gradients but from moderately low slopes. Were 
the downfolds then depressed so rapidly as to cause deep inland basins ? 
The answer is that there is no indication of lake or stagnant water deposits 
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in this formation, except a few thin lignite beds, and the environment 
which would cause them calls for fresh or brackish water at best and cer- 
tainly not for concentrated solutions of brine, such as would develop in 
land-locked basins. The third alternative assumption, then, seems to 
give the best solution of the problem; that although the movements at 
this time caused great deformation of mountains and basins, the agents 
of erosion were able to maintain a gradient referable to a mature stage 
of topography around the basin, with flood plains of early old age type 
in the central part. Outlets from the basin must have been present from 
the start; otherwise, there would have been ponding of waters, which is 
not indicated by the deposits. However, by the close of the Wasatch, or 
Wind River, epoch the basins were filled up, and the mountain peaks were 
low and subdued. That this epoch was long is shown by the fact that 
more than 15,000 feet of sedimentary rocks were removed from the moun- 
tains and washed into the basins, not only filling them but transporting 
much sediment to a considerable distance from the mountains themselves. 

Then in Middle Eocene came a repetition of the orogenic disturbances 
of Lower Eocene time, in which the great and small anticlines were 
folded again; possibly also some uplift took place, for locally the Wind 
River formation was reduced by erosion to much less than its normal thick- 
ness, as at the head of Sand Draw, on Alkali Butte structure, and on Logan 
Creek anticline (Pl. 94). Then, too, folds in the Wind River beds were 
beveled. In the latter place, they seem to have been entirely removed by 
erosion before the deposition of the Bridger beds. The topography devel- 
oped at this time has the appearance of old age—at least, it is fairly regu- 
lar, and doubtless has a bearing on the altitude of the high peaks of the 
surrounding ranges. Although the summits of the ranges around the 
basin lack uniformity because of subsequent movements, in each range 
the peaks are not far from accordance in altitude, and it is believed that 
this condition was caused largely by early Eocene erosion. 

Following this rather extensive erosion epoch, the streams began aggrad- 
ing in the basin, and the Bridger formation was deposited. This was 
probably brought about by another disturbance in which the mountains 
were elevated slightly, relative to the basin. Furthermore, the Bridger 
sediments are similar to the Wind River deposits. Both contain a few 
beds of tuff or volcanic ash, indicating some volcanic activity in the Lower 
and the Middle Eocene, probably to the northwest. Just how extensive 
the Bridger beds were at the end of the epoch is unknown. They may 
have been confined to the central part of the basin or of a number of 
basins. In the Wind River basin the epoch of erosion between Bridger 
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and Uinta time was apparently not long. There is a sudden change 
from flood plain to lake environment, but erosion between the two epochs 
is not evident. The area under discussion is along the Sweetwater escarp- 
ment, and nowhere are the formations known to extend high up on the 
mountains. However, southwest of Locality A, Plate 95, for several miles, 
the Uinta lies on rocks of Paleozoic age. The writer believes that with 
the Middle Eocene epoch there came a gradual sinking of the basin and 
rising of the mountains, which did not reach stability until the close 
of Bridger time. In this area the Uinta is represented by lake deposits. 
Mountain areas were, thus, continuously exposed to erosion during the 
Middle and the Upper Eocene, and a widespread peneplain developed be- 
fore the close of the Eocene. Then followed a sudden uplift, without 
folding, and an increase in vulcanism, and the Sweetwater member, con- 
sisting of alluvial mud-flows, agglomerates, and coarse material generally, 
was rapidly deposited upon the peneplain close to the higher mountains. 

It was at this time (early Oligocene) that the main outlines of drain- 
age for the region, as they appear today, were established. Wind River 
found its outlet to the north. The basins had been filled, and the peaks 
of the Owl Creek, the Bridger, and the Bighorn mountains, buried nearly 
to their summits by the soft Eocene deposits, presented no obstacle to 
the drainage. The greater raising of the Wind River and the Granite 
ranges at this time tilted the plain toward the north, and drainage in 
that direction was a natural consequence. 

The boulder bed, described in this paper as the Sweetwater member of 
the White River group, is widespread. It is found along the Sweetwater 
escarpment, from the Lander-Rawlins road as far east as Alcova, a dis- 
tance of 80 miles. In the writer’s opinion it correlates with the boulder 
bed on Green Mountain, south of Sweetwater River. It is suggested that 
it may correlate with the Bishop conglomerate of southwestern Wyoming. 
However, Rich ** says that the Bishop conglomerate was not seen in con- 
tact with the White River beds, and with little question is later than White 
River Oligocene. Sears ** places the Bishop conglomerate at the base of 
the Browns Park formation in northwestern Colorado. 


Whatever may be the outcome of these tentative correlations, the writer 
believes the Sweetwater member was laid down upon the “Wind River 


*J.. Rieh: The physiogranhy of the Bishop conglomerate, southwestern Wyoming, 
aee Jour. Geol., vol. 18, no. 7 (1910) p. 601-622. 

; * J.D. Sears: Relations of the Browns Park formation and Bishop conglomerate and 
their role in the origin of Green and Yampa rivers, Bull. Geol, Soc. Am., vol. 85 (1924) 
p. 279-204. 
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Table suggesting epochs of deformation, erosion, and sedimentation 


Period Mountain Areas Wind River Basin 
widespread uplift with local stream deposits and 
Post-Oligocene normal faulting; erosion. 
collapse of Granite Range. 
high mountains; sedimentation ; 
local deposition and fresh water ; 
Oligocene rapid erosion ; fluviatile ; 
violent explosive subaerial volcanic and mud 
volcanism. flows. 
widespread peneplain ; sedimentation ; 
E quiescent ; fresh water; 
Upper Hocene continued erosion ; mainly lacustrine ; 
more eruptive voleanism. quiescent. 
subdued mountains; sedimentation ; 
Middle Eocene fresh water; 
continued erosion ; fluviatile ; 
some subsidence. 
...-folding and thrust faulting....unconformity..... 
low mountains ; sedimentation ; 
Lower Eocene fresh water; 
continued erosion ; fluviatile ; 
some eruptive volcanism; some subsidence. 
folding and thrust faulting...... unconformity...... 
Paleocene (Fort : slight widespread slight wide spread uplift; 
Union epoch) > uplift; sedimentation sedimentation ; 
- slight or lacking; fresh water; 
§ palustral and lacustrine. 
v 
local unconformity....... Conformity. ....... 
Lance epoch & sedimentation slight some subsidence ; 
sedimentation ; 


brackish water; 
palustral and lagoonal. 
. local disconformity (?)......... conformity........ 


Broad uplift and withdrawal of sea. 
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peneplain” described by Blackwelder,*° Baker ** and others. This plain 
can now be dated accurately. It is that on which the White River group, 
including the Sweetwater member, of Oligocene age was deposited. 

This peneplain, developed in late Eocene time, has since been faulted 
and warped in many places. In the northern and the central parts of the 
Wind River range it has elevations of 10,000 to 11,000 feet. Toward the 
south end of the range, Westgate and Branson *? determined its elevation 
as 8500 to 9000 feet. In the Sweetwater escarpment it has elevations of 
from 7200 to 7500 feet. It is marked in this area by the base of the 
Sweetwater member, which dips southeastward beneath Sweetwater Val- 
ley to an altitude of not over 5500 feet. On Green Mountain the boulder 
bed believed to correlate with the Sweetwater member now lies at an alti- 
tude of about 8000 feet. 

It is evident that these differences in elevation are not entirely caused 
by irregularities on the peneplain at the time it was formed but are caused 
by warping and faulting which took place in post-Oligocene time. A 
diagram of this condition is given in Figure 2. Here is shown the sum- 
mit level as brought about largely by the early Eocene period of erosion, 
when a mature type of topography was developed. Below this is the 
“high level,” or “Wind River,” peneplain, brought about in Middle and 
Upper Eocene, forming the base upon which the White River group was 
deposited. Warping and faulting in post-Oligocene time raised the Wind 
River range more than it did the Owl Creek and the Bridger mountains, 
while the area in which the Granite Mountains occur was actually dropped 
approximately 5000 feet, relative to the Wind River range. 

In summary, one can say that with the close of the Eocene the “Wind 
River peneplain” was completed. Then followed the sudden uplift, caus- 
ing the Sweetwater member and similar deposits, succeeded by showers 
of voleanic ash and aggrading streams, causing the deposition of the White 
River group. With practically all the Mesozoic and most of the Paleo- 
zoic rocks already removed from the crests of both the Wind River and 
the Granite ranges, the renewed uplift caused much talus and coarse mate- 
rial to be flooded out along their bases. The combination of volcanism 
and alluviation produced the Sweetwater member. This was followed by 
explosive eruptions which showered several hundreds of feet of ash and 


*® Eliot Blackwelder: Post-Cretaceous history of the mountains of central weatern 
Wyoming, Jour. Geol., vol. 23 (1915) p. 97-117, 193-217, 307-340. 

1 C, L. Baker: Notes on the Cenozoic history of central Wyoming, (abst.) Bull. Geol. 
Soc. Am., vol. 23 (1912) p. 73-74. 

21. G. Westgate and E. B. Branson: The later Cenozoic history of the Wind River 
Mountains, Wyoming, Jour. Geol., vol. 21 (1913) p. 142-159, 
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A. High boulder-covered mesa of Green Mountain, west of Crooks Gap. 


B. Looking east across Crooks Gap. Green Mountain mesa on the left. 
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tuff over many thousands of square miles of land. Fluviatile deposition 
again held control during the closing stages of White River time. 

The volcanoes here alluded to were of major importance but were not 
within the area described in this paper. There were volcanoes in the 
nearby Yellowstone Park area. There, they deposited agglomerates and 
breccias. The writer believes that the Oligocene period of violent erup- 
tion, attended by release of pressure, marked the closing phases of tan- 
gential compression in the entire region and the failure of compressive 
forces to continue. Since that time, uplifts have been regional in scope, 
involving the entire central Rocky Mountains. At the close of Oligocene 
time, or soon thereafter, further uplifting was accompanied by normal 
faulting. However, all the mountain ranges around the Wind River 
basin maintained their relative altitudes, except the Granite Range, which 
subsided 5000 feet, relative to the Wind River range, and 2500 feet, rela- 
tive to the Green Mountains, breaking along a normal fault near its south- 
ern margin. Thus, the recently accumulated White River beds were pro- 
tected in the down-thrown area against rapid erosion, and the Granite 
Mountains lost their dominance among the ranges surrounding the basin. 

No Miocene, Pliocene, or Pleistocene deposits are known in the south- 
ern part of the Wind River basin, but the Wind River range contains large 
deposits of Pleistocene till. 

A new plain of aggradation in the basins and of degradation in the 
mountain areas was completed by the close of the Oligocene, and prob- 
ably corresponds to Plain No. 3 of Westgate and Branson. Then fol- 
lowed the early Miocene uplift of wide epeirogenic nature, causing great 
normal faulting and warping on a large scale. 

The formation of subsequent plains has not been worked out by the 
writer, for the data are not available in the area studied, but both Black- 
welder ** and Westgate and Branson ** describe four subsequent erosion 
cycles. These writers would assign all the peneplains to the Miocene and 
later epochs. With this, the writer does not agree, but he thinks that 
probably the Black Rock cycle of Blackwelder and Plain No. 2 of West- 
gate and Branson were formed during the Pliocene. 


3 Eliot Blackwelder: op. cit. 
*L. G. Westgate and E. B. Branson: op. cit. 
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INTRODUCTION 


GENERAL FEATURES OF THE PERMIAN SERIES 


The Permian series of North America attains its greatest development 
in trans-Pecos Texas. Strata of this age have an important influence 
on the geography of the region. Permian limestones, sandstones, and 
shales constitute many of the mountain ranges and plateaus, and the 
more resistant rocks crop out in bold cliffs and ledges on numerous escarp- 
ments. The highest peak in Texas, El] Capitan (8750 feet), is the summit 


4 
: 
+ 


INTRODUCTION 699 


of a cliff of Permian limestone at the crest of the Guadalupe Mountains 
(Fig. 13 A). In New Mexico, not far northeast of this peak, is the great 
Carlsbad Cavern, which is carved from limestones of the same age. Per- 
mian strata beneath the plains east of the mountains have produced vast 
quantities of oil, and contain large deposits of valuable potash salts. 

Strata of the Permian series in trans-Pecos Texas reach a thickness of 
about 7000 feet. The part of the series that crops out in the mountain 
areas is nearly all of marine origin, and contains abundant and diverse 
invertebrate faunas. Most of the Permian strata in this region are little 
folded, although in places they are broken into fault blocks. This slight 
deformation permits the geographic features of Permian time to be 
worked out with relative ease by a study of the exposures and of the drill 
records. 

The Permian series in the region has not yet received much detailed 
study. Wide areas of its exposures are not adequately mapped, and many 
of its fossil groups are poorly known. Some of the mountain ranges have, 
however, received careful study, and nearly all of them have been mapped 
in reconnaissance. Moreover, detailed studies have been made, or are in 
progress, on three of the fossil groups, the fusulinids, the brachiopods, and 
the ammonoids. 

The present paper is a summary of the stratigraphy and the paleon- 
tology of the Permian series in trans-Pecos Texas. The accumulated facts 
and opinions gathered by various geologists are presented, as well as 
many observations of the writer. In places, the writer has expressed his 
personal beliefs and opinions on controversial problems, but he has tried 
to separate these clearly from information generally regarded as fact. 
In view of the incomplete state of knowledge of the Permian series in the 
region, the observations and suggestions made at this time may be either 
confirmed or changed considerably by later field work. 


ACKNOWLEDGMENTS 


The writer’s work in the region has extended over several years. From 
1925 to 1928, field work was carried on in the Glass Mountains and Diablo 
Plateau under the auspices of the Texas Bureau of Economic Geology 
and Yale University. During this period the writer was associated with 
Robert E. King. In 1931 the writer, as a member of the United States 
Geological Survey, resumed field work in the Diablo Plateau in association 
with J. Brookes Knight. The brachiopods collected during the earlier 
phase of the investigation have been reported on by R. E. King,* 
and the fusulinids are now being studied by Carl O. Dunbar. Large 


1R. BE. King: Geology of the Glass Mountains, Univ. Texas Bull. 3042 (1931). 
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fossil collections made during the later phase of the investigation are now 
being studied by G. H. Girty, but this work has not yet been completed. 

A general summary must draw heavily on the work of others. The 
information in many parts of the paper is, therefore, compiled from pub- 
lished descriptions by various geologists, some of whom have preceded 
the writer, and some of whom are now working in the region. The writer 
is indebted most of all to those geologists who have studied the numerous 
cores and cuttings brought up by drilling in the region east of the trans- 
Pecos mountain area. These subsurface studies have helped to furnish 
a much clearer picture of the Permian geography and conditions of deposi- 
tion than would have been possible merely from observations on the out- 
crops. Sources from which information has been compiled are noted 
at appropriate places in the text. 

The writer wishes to acknowledge his indebtedness to his associates in 
the field work, R. E. King and J. B. Knight. He has made extensive use 
of their field observations in this paper, and most of the information on 
Permian branchiopods has been compiled from the former’s memoir on 
the subject. The writer, however, takes full responsibility for the inter- 
pretations offered on the basis of these observations. C. O. Dunbar, who 
supervised the stratigraphical and the paleontological work during the 
earlier phases of the investigation, has offered valuable suggestions and 
has furnished much unpublished data on the fusulinids, 

The writer is greatly indebted to the staff of the United States Geological 
Survey for giving much help in the preparation of the paper. In par- 
ticular, N. H. Darton, G. B. Richardson, and G. H. Girty, who have 
in the past studied parts of the region, have read the manuscript and 
offered many suggestions. The writer has had many helpful conferences 
with W. B. Lang, who has studied the later Permian potash-bearing strata. 
Hi. D. Miser and M. Grace Wilmarth, of the committee on geologic names, 
have aided in working out the stratigraphic nomenclature used in the 
paper. 

The writer is indebted, also, to various Texas geologists, and particularly 
to E. Hi. Sellards and EF. Russell Lioyd, for reading the manuscript and 
offering criticisms and new information. Much of this material has been 
incorporated into the paper. 


HISTORY OF INVESTIGATION 


The first fossil described from the Permian series of trans-Pecos Texas 
was Composita mexicana, wollected by Emory’s United States and Mexican 
boundary survey and described by James Hall* in 1457, The first im- 


“# James Hall: in Emory’s United States and Mevican boundary survey, vol. 1 (1857) 
pl. 20, fig. 2. 
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portant contribution, however, was made by the Shumards. George G. 
Shumard,® as geologist for an expedition under Captain Pope, collected 
some fossils from the Delaware, the Guadalupe, and the Hueco mountains, 
which were sent to his brother, B. F. Shumard, for study. The collec- 
tions were described by the latter in 1858 and 1859,* and those of the 
Guadalupe and the Delaware mountains were recognized to be of Permian 
age. Faunas of the Hueco Mountains were assigned to the Carboniferous 
(Pennsylvanian). The work of the Shumards did not receive wide recog- 
nition for nearly half a century. When writers did make note of the 
fauna of the Guadalupe Mountains in the succeeding forty years, they 
generally assigned it to the Pennsylvanian. 

In the early part of the present century there was a revival of interest 
in the subject. At this time, Robert T. Hill*® visited the Glass and the 
Guadalupe mountains as a part of a general reconnaissance of trans-Pecos 
Texas, and published a brief account of his observations. In 1901, G. H. 
Girty ® visited the Hueco and the Guadalupe mountains and made exten- 
sive fossil collections. These formed the chief basis for his classic memoir 
on the Guadalupian fauna, published some years later, in which the Per- 
mian fossils of the region received their first comprehensive description. 
Not long after, in 1903, G. B. Richardson * made a reconnaissance survey 
of the entire northern trans-Pecos area, and later, accompanied by Girty, 
he studied in more detail the El Paso and the Van Horn quadrangles, 
descriptions of which were published as geologic folios.§ In Richardson’s 
reports the broader outlines of the stratigraphy and the structure of this 
part of the province are skillfully set forth. 

At about the same time, in 1903 and 1904, J. A. Udden began his 
geological work in southern trans-Pecos Texas. During the first season he 
studied the Shafter district and discovered a thick sequence of Paleozoic 


5G. G. Shumard: A partial report on the geology of western Teves, consisting of ¢ 
general geological report and a journal of geological odservations along the routes treav- 
eled by the expedition between Indianola, Teras, and the valley of the Mimbdres, New 
Mevico, during the years (855 and 1856. Austin (1886) p. SS-114. 

4B. F. Shumard: Notice of new fossils from the Permian strate of New Mewvico and 
Tevaa, collected by Dr. George G. Shumard, geologist of the United States Government 
ewpedition for obtaining water by means of artesian wells along the Rnd parallel, under 
the direction of Capt, John Pope, U, &. Top. Eng., St. Louis Acad. Sci., Trans., 18538, 
vol, 2 (1860) p. 200-297; Notice of fossils from the Permian strete of Tewas and New 
Mevico, obtained by the United Statea expedition under Capt. Pope for boring artesian 
wells along the 32nd parallel, with descriptions of new apecies from these strata and the 
coal measures of that region, St. Louis Acad. Sci., Trans., 1859, vol. 2 (1860) p. 198-213. 

*R. T. Hill: Physical geography of the Teves region, U. S. Geol. Survey, Topographic 
Atlas, Folio & (1900) p, 4. 

H. Girty: The Guadatupian fauna, U. S. Geol. Survey, Prof. Pap. 38 (1908). 

1G. B. Richardson: Report of @ reconnaissance in trans-Pecos Tewas north of the Pewus 
and Pacific Railway, Univ. Texas Mineral Survey, Bull. 9 (1904). 

6G. B. Richardson: U. 8. Geol. Survey, Geol. Atlas, El Paso folio 166 (19090); idid., 
Van Horn folio 104 (1914). 
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rocks. During the second season he visited the Chisos country, and in 
the course of his journey observed the strata at the western end of the 
Glass Mountains.’° At this time he recognized the great importance of 
the Glass Mountains section, but was unable to make further studies until 
1915, when he returned to the region in company with Emil Bose and 
C. L. Baker. In 1917 appeared his “Notes on the geology of the Glass 
Mountains,” #4 in which the fine sequence of Permian strata in the district 
was more fully described, and the abundance of its invertebrate fossils was 
suggested. At the same time, Bése '* published an excellent description 
of the ammonoids and discussed their stratigraphic significance. As a 
result of the pioneer work of Girty, Richardson, Udden, and Bose, the 
wide distribution of the Permian strata in west Texas was made known. 
Moreover, their descriptions made clear the main features of the Permian 
invertebrate faunas and of the more important stratigraphic sections. 

Within the past decade the study of the Permian rocks in trans-Pecos 
Texas has been greatly stimulated by a search for oil in the region. Many 
geologists, most of them in the employ of oil companies, have mapped the 
exposures of the Permian strata, and others have studied the cuttings of 
numerous drill holes east of the trans-Pecos mountain area. One of the 
results of this work has been the suggestion that many of the large bodies 
of massive limestone in the region are limestone reefs of organic origin. 
Such an interpretation is said to have been considered earlier by various 
geologists (notably Emil Bése), but no record appears to have been made 
of itin print. In 1928, R. E. King and the writer, following a suggestion 
of Rudolf Ruedemann, interpreted the upper dolomites of the Glass Moun- 
tains as reef deposits.’* In the following year, E. Russell Lloyd ** made 
the important suggestion that such reef development was responsible 
for many of the curious changes in facies and in faunas in the Permian 
series of the region. This conclusion has received considerable support 
from the later observations of other geologists. 


®J. A. Udden: Geology of the Shafter silver mine district, Univ. Texas Mineral Survey 
Bull. 8 (1904) p. 11-23. 

J. A. Udden: Sketch of the geology of the Chisos Country, Univ. Texas, Bull., sci. 
ser., no. 11 (1907) p. 20, 21. 

uJ. A. Udden: Notes on the geology of the Glass Mountains, Univ. Texas Bull. 1753 
(1917) p. 3-59. 

122 Emil Bose: The Permo-Carboniferous ammonoids of the Glass Mountaine and their 
etratigraphical significance, Univ. Texas Bull. 1762 (1919). 

1 —P. B. King and R. E, King: The Pennsylvanian and Permian stratigraphy of the Glase 
Mountains, Univ. Texas Bull. 2801 (1928) p. 139. 

“E.R. Lloyd: Capitan limestone and associated formations, Am. Assoc. Petrol. Geol., 
Bull., vol. 18 (1929) p. 645-659. 


EXPOSURES OF THE PERMIAN SERIES 703 


EXPOSURES OF THE PERMIAN SERIES 


The most extensive exposures of the Permian rocks in trans-Pecos Texas 
are in the northern part of the province, between the Texas-New Mexico 
boundary and the Texas and Pacific Railway (Fig. 1 A). In this region 
the strata are flat-lying or gently tilted, but they are broken into many 
fault blocks. The blocks thus capped by Permian strata stand out as 
separate mountain areas, between which are broad tracts of desert plain. 
In the eastern part of this region is a nearly continuous area of exposure, 
which extends from the Apache Mountains, near the railway, northward 
through the Delaware Mountains, into the Guadalupe Mountains on the 
State line. These mountain areas are bordered on the west by a long 
strip of desert plain, the Salt Basin,’* which separates them from the 
broad elevated tract of the Diablo Plateau. The Diablo Plateau is about 
60 miles wide, and is capped by Permian rocks. These are well exposed 
in the escarpments on its northwest and southeast margins, which are 
known respectively as the Hueco Mountains and the Sierra Diablo. West 
of the Hueco Mountains are a few other exposures of Permian strata in 
the Franklin Mountains, in the westernmost corner of the State. 

South of the Texas and Pacific Railway the mountains of trans-Pecos 
Texas are of more complicated structure, and the Permian rocks are 
mostly concealed by Cretaceous sedimentary rocks and by Tertiary tuffs 
and lava flows. They come to the surface in the small uplift of the Chinati 
Mountains, near Shafter, and near the eastern margin of the mountain 
area in the broad but isolated exposure of the Glass Mountains. In the 
Glass Mountains the whole of the Permian series is revealed, with the 
exception of the saline beds at the top. The series overlies pre-Permian 
rocks on the southeast and dips beneath Cretaceous strata on the northwest. 

East of Guadalupe, Delaware, Apache, and Glass mountains the Per- 
mian series passes beneath the surface of the plains, but in this direction 
it maintains its thick development, and much is known of it as a result 
of drilling. In this paper no more than incidental mention can be made 
of the buried Permian strata, for they lie outside the field of the writer’s 
investigations, and can better be described by other geologists. 


BASE OF THE PERMIAN SERIES 
PERMIAN PROBLEM 


Stratigraphers have for many years engaged in lively debate as to the 
proper place to draw a line of separation between the Permian series 


and the underlying Paleozoic strata. 


4% This is not to be confused with the larger Permian salt basin, which underlies the 
Llano Estacado, east of the trans-Pecos mountain area. 
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The early use of the term, Permian, was ambiguous. When first defined 
by Murchison in 1841, it was applied to a local nonmarine facies of the 
upper Paleozoic (later known as the Kazan series) that overlies marine 
strata then considered to be of Carboniferous age.1® Later, when the 
underlying marine beds (Kungur and Artinsk series) were studied by 
the Russian geologists, they were found to be younger than the Car- 
boniferous, as then generally known, and to contain new faunal elements. 
These studies, and those made elsewhere in the world, suggested that a 
considerable thickness of deposits of latest Paleozoic time were a physical 
and faunal unit, distinct from the upper Carboniferous (Pennsylvanian). 
Murchison’s original term, Permian, although including only a, part of 
these deposits, was extended to cover such lower strata as the Kungur 
and Artinsk.*” 

These proposals have never been entirely accepted. The Permian has 
been classed by some (notably in Europe) as a separate system, and by 
others (as the United States Geological Survey) as an upper series of the 
Carboniferous. Some geologists have questioned whether the Permian 
has any validity as a separate system or series. One of the recent proposals 
is that of Moore,’* who would divide the later Paleozoic into two systems— 
a Mississippian with new upper limits, and a Pennsylvanian which would 
include the present Permian. 

A part of this difference of opinion arises from the peculiar character 
of the Permian deposits. Physical conditions during latest Paleozoic 
time were such that North America and other continents were largely 
emergent, Wide areas were covered by red beds, saline deposits, and 
other strata of nonmarine origin. Marine deposits of small extent, laid 
down in these regions, appear to have been unfavorable to life, and their 
faunas are little more than a dwindling upward continuation of those in 
the underlying beds. The physical and the faunal histories here appear 
to be a closing stage of the preceding Pennsylvanian, marked by a 
gradual extinction of Paleozoic life and by the disappearance of coal- 
forming continental conditions under an increasingly rigorous climate. 

Seas favorable to the existence of a rich marine fauna occupied a much 
smaller extent in the continental interior than they did in preceding 
divisions of the Paleozoic. In America one of these existed in trans-Pecos 


16In the European sense of pre-Permian rocks; the Pennsylvanian and Mississippian 


series of American usage. 
17 Charles Schuchert : Review of the late Paleozoic formations and faunas, with special 


reference to the ice-age in middle Permian time, Geol. Soc. Am., Bull., vol. 39 (1928) 


p. 775. 
18 R. C. Moore: The “Carboniferous” rocks of North America, XVI Internat. Geol. Cong., 


Abstracts of Papers (1933) p. 24. 
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Texas, and here the record of latest Paleozoic time is different. Many 
genera survived from the older epochs, but these are represented almost 
entirely by new species, and there are many new genera, evolved from the 
more familiar Paleozoic groups. The Permian faunas of the normal 
marine facies are a well-marked unit of Paleozoic life, as different from 
those of the Pennsylvanian as the Pennsylvanian faunas are from the 
Mississippian.*® 


BEDS TRANSITIONAL FROM PENNSYLVANIAN TO PERMIAN 


In the south-central United States, between strata that contain faunas 
and floras of distinctly Permian character and strata that contain faunas 
and floras of distinctly Pennsylvanian character, there are beds several 
hundred feet thick in which the two types are mingled. These transition 
beds include the Wolfcamp and the Hueco *° formations of trans-Pecos 
Texas, the Abo sandstone of New Mexico, the Cisco group of central 
Texas, and the Wabaunsee group of Kansas. The faunal sequence near 
the Pennsylvanian-Permian boundary in some of these districts is shown 
on Plate 103. 

The present classification of the transition beds does not seem satis- 
factory, because fossil evidence apparently suggests that the Pennsyl- 
vanian-Permian boundary as currently accepted in different areas is not 
at the same stratigraphic level.** Various attempts at revision have been 
made, but different authorities, each using his own criteria, have arrived 
at unlike conclusions. 

The situation is similar to that which besets the drawing of all boundaries 
between major divisions of geologic time. Theoretically, these are marked 
by widespread unconformities, which correspond to crustal disturbances 
of some importance and are distinguished from each other by contrasting 
features of sediments, fossils, and paleogeography. Such distinctions are 
not found clearly marked in nature. 

Orogenic movements are confined to certain mobile regions, and in 
some regions nearby there is likely to be nearly continuous sedimentation. 
The movements are pulsatory, consisting of several different episodes, and 
the greatest pulsation in one area may not be at the same time as that in 


*R. E. King: Geology of the Glass Mountains, Univ. Texas Bull. 8042 (1931) p. 36, 
87, 42. 

2” The term, Hueco limestone, is used in this paper in a more restricted sense than 
formerly ; its definition is discussed in the description of the Hueco Mountains section, 
p. 741. 

1 These strata are variously classified by the U. S. Geological Survey, the Wolfcamp 
and the Abo being regarded as Permian, the Hueco as Permian(?), and the Cisco and 
the Wabaunsee as Pennsylvanian. 
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another. In the mobile regions the movements are likely to be slow and 
long-continued rather than abrupt, so that their effects are correspond- 
ingly gradual and overlapping, rather than clean-cut and sharply marked. 
Life extended from one time division to the next in a continuous stream, 
so that where the record is complete, the distinctive fossils of a later 
division are preceded by ancestral forms which may be found well down 
in a preceding division. The varied forms of life do not respond alike to 
changes in geography and climate, so that fossil plant, vertebrate, and 
invertebrate evidence is not likely to agree near the boundary between 
time divisions. In such an epoch of shifting environments, changes in 
faunas and floras may result, not from progressive evolution, but from the 
displacement of old stocks by new ones better suited to changed conditions. 
The record of the old stocks may, thus, be lost in some areas but may 
continue in others where favorable conditions persisted. 


PLANT AND VERTEBRATE EVIDENCE 


In trans-Pecos Texas no important collections of plant or vertebrate 
fossils have been made near the Pennsylvanian-Permian boundary, as 
marine conditions continued through most of this time. Fossils have 
been found in nonmarine beds in nearby areas, and their evidence bears 
on the problem of the boundary in trans-Pecos Texas. 

Permian floras are quite unlike those of Pennsylvanian. In eastern 
North America they are marked “by the genera Callipteris, Taeniopteris, 
Baiera, Gomphostrobus, Walchia, and other ‘northern’ genera. In Okla- 
homa and Texas, migrant Asiatic Permian types (Gigantopteris, Loba- 
tannularia, and Araucarites) mingle with the ‘northern’”.?* These dis- 
place a late Pennsylvanian (Stephanian) flora in the beds transitional 
from Pennsylvanian to Permian. 

In Kansas, plants of Permian type, including Walchia and Taentopteris, 
first appear in the Lansing group,”* beneath a flora of Stephanian type in 
the Douglas group. In the middle of the Wabaunsee group, Odontopteris 
and other plants of late Stephanian type have been collected, but imme- 
diately above, near the horizon of the Neva limestone, is a flora that “can 
hardly be older than the Permian.” ** Still higher, in the Wreford lime- 
stone at the base of the Chase group, is a flora in which there are numerous 
plants of Permian aspect, including Walchia, Callipteris, and Taeniopteris, 


22David White: Some features of the American Permian, XVI Internat. Geol. Cong., 
Abstracts of Papers (1933) p. 27, 28. 

2M. K. Elias: Late Paleozoic plants of the mid-continent as indicators of time and 
environments, XVI Internat. Geol. Cong., Abstracts of Papers (1933) p. 69. 

* David White: Permian of western America from the paleobotanical standpoint, Pan- 
Pacific Sci. Cong. 1923, Proc. (1926) p. 1057. 
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and a few species of Stephanian type. In the Arbuckle Mountains of 
Oklahoma, Walchia is found in the Vanoss formation of the Pontotoc 
group,” which has been correlated in greater part with the Wabaunsee 
group.”* Higher up is a Gigantopteris flora. 

In central Texas, plants of Monongahela age (Stephanian) are found 
in coal beds near the middle of the Cisco group (Harpersville forma- 
tion) ,?” and plants of Permian type, including Walchia and Gigantopteris, 
are associated with some genera of Stephanian type in the Wichita group.” 
In the Glass Mountains of trans-Pecos Texas a single specimen of Walchia 
has been collected from the Wolfcamp formation. In New Mexico, Walchia 
and other plants of Permian type have been obtained in the Abo sand- 
stone. Overlying beds contain other species, clearly of Permian char- 
acter.”° 

White interprets the floras of Permian type as an upland, dry-climate, 
or xerophytic, assemblage, as contrasted with the lowland, moist-climate 
flora of the Stephanian. Indigenous Stephanian types persisted into the 
early Permian, and attained a lush growth in such favorable areas as that 
in which the Dunkard group of the eastern United States was laid down. 
The Permian types appear as migrants in occasional zones, but eventually 
displace the indigenous floras entirely.*° The change from floras of 
Pennsylvanian type to those of Permian type was apparently caused by 
migrations resulting from changes in environment, and was not directly 
the result of evolution. 

The vertebrate faunas of central Texas have been reviewed by Romer,** 
who shows that highly specialized genera, considered to be of Permian 
aspect, occur not only in the Clear Fork and the Wichita groups, but also 
in the red bed facies of the upper Cisco. He concludes that “the fauna 
has its roots deep in the Pennsylvanian.” ** Similar vertebrates have 
been found in Abo sandstone of New Mexico.** 


= David White: Some features of the American Permian, XVI Internat. Geol. Cong., 
Abstracts of Papers (1933) p. 28. 

2#R. C. Moore: Correlation of Pennsylvanian formations of Texas and Oklahoma, Am. 
Assoc. Petrol. Geol., Bull., vol. 18 (1929) p. 897. 

2 F. B. Plummer and R. C. Moore: Stratigraphy of Pennsylvanian formations of north- 
central Texas, Univ. Texas Bull. 2132 (1921) p. 168. 

*% David White: Permian of western America from the paleobotanical standpoint, Pan- 
Pacific Sci. Cong. 1923, Proc. (1926) p. 1061. 

” David White: op. cit., p. 1064. 

*® David White: Some features of the American Permian, XVI Internat. Geol. Cong., 
Abstracts of Papers (1933) p. 28. 

%1 A. 8. Romer: Vertebrate faunal horizone in the Texas Permo-Carboniferous red beds, 
Univ. Texas Bull. 2801 (1928) p. 97. 

32 A. 8. Romer: op. cit., p. 99. 

*%N. H. Darton: “Red Beds” and associated formations in New Meaico, U. 8. Geol. Sur- 
vey, Bull. 794 (1929) p. 21. 
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INVERTEBRATE EVIDENCE 


The most abundant group of invertebrates in the marine strata near 
the Pennsylvanian-Permian boundary are the brachiopods. In the Glass 
Mountains of trans-Pecos Texas, marine conditions persisted well into 
Permian time, and here occurred a progressive change from brachiopods 
of typically Pennsylvanian character to those of different species and 
genera, which, in the higher beds, are members of the Guadalupian fauna. 

The Gaptank formation, at the base of the Glass Mountains section 
(Pl. 103), contains typical upper Pennsylvanian brachiopods, but in the 
Uddenites zone, near top,** R. E. King notes numerous species that con- 
tinue into the overlying Wolfcamp formation, or even into higher beds of 
the Permian. A considerable number of migrant species, present like- 
wise in the Carboniferous of Bolivia, are also noted.** In the Wolfcamp 
formation many species of the large brachiopod fauna are identical with 
those of the Cisco group of central Texas. These mingle with numerous 
species of Permian character, such as the long-ranging Guadalupian 
forms Squamularia guadalupensis and Camarophoria venusta (Fig. 6 A), 
a primitive Aulosteges, a primitive lyttoniid (Parakeyserlingina), and a 
form ancestral to the Richthofeniidae (an advanced member of the genus 
Teguliferina). In the succeeding Leonard formation many species con- 
tinue up from the Wolfcamp formation, but only one typical. Pennsyl- 
vanian species persists. On the whole, the Leonard fauna is decidedly 
of Guadalupian and of Permian character. 

Farther northwest, in the Hueco Mountains, conditions were less favor- 
able to an uninterrupted development of life (Pl. 103). A typical later 
Pennsylvanian brachiopod fauna is found in the upper part of the Mag- 
dalena limestone, but this is succeeded in the Hueco limestone (restricted ) 
by a peculiar fauna that contains many species not found in the later 
Carboniferous rocks of nearby areas, and some known before only from 
the Bolivian Carboniferous.** Several species in the lower part of the 
formation range up from the Pennsylvanian, and a considerable number 
are found also in the Wolfcamp formation. In the upper part of the 
formation are a number of species that occur more abundantly in the 
Leonard formation and equivalent strata farther east, suggesting that 
the peculiar environment under which the Hueco was deposited continued 


* This zone is here tentatively treated as the top bed of the Gaptank formation. It 
was formerly placed at the base of the Wolfcamp formation by R. E. King and the 
writer. Reasons for changing its classification are discussed under the description of 
the Glass Mountains section, p. 727. 

%R. BH. King: Geology of the Glass Mountains, Univ. Texas Bull. 3042 (1931) p. 6, 7. 

% R. BE. King: Geology of the Glass Mountains, Univ. Texas Bull. 8042 (1931) p. 16, 17. 
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well into Permian time. Numerous pelecypods and gastropods are asso- 
ciated with the brachiopods in the fauna. 

In the Sacramento Mountains, north of the Hueco Mountains, Girty ** 
has collected, from marine members in the Abo sandstone, brachiopods 
similar to those in the Cisco group. He reports that the Hueco fauna 
appears to come in above that of the Abo toward the south. Above the 
Abo, limestones in the red bed succession contain the Manzano fauna, many 
species of which occur in beds of unquestioned Permian age in trans- 
Pecos Texas. 

In Kansas (P1. 103) the brachiopod faunas of the later Pennsylvanian 
show considerable contrast to those of the earlier part. A particularly 
marked change is evident at the top of the Kansas City group, and various 
species, including Enteletes hemiplicata, make their first appearance in the 
overlying Lansing group.** A still further change in faunas takes place 
at the Americus limestone in the Wabaunsee group. Here, there is a great 
increase in the number of pelecypod and gastropod species and a decrease 
in the number of species of brachiopods. Most of the brachiopod species 
in the higher strata, with the exception of Meekella mezicana, are generally 
accepted as the descendants of Pennsylvanian species.*® In the later : 
Pennsylvanian of central Texas (Pl. 103) an important change in the 
brachiopod faunas takes place between the Graham and the Thrifty for- 
mations of the Cisco group,*° probably at a stratigraphic level higher than 
that of the faunal change noted in Kansas.‘ Near the top of the Cisco 
group, brachiopod species decrease in number, and most of those that 
continue into the Wichita groupare believed to be descendants of Penn- 
sylvanian species. The fauna of the lower part of the Wichita is character- 
ized by pelecypods, gastropods, nautiloids, and numerous bryozoans.*? 

In late Pennsylvanian and early Permian time, brachiopod develop- 
ment appears to have been inhibited in all the districts mentioned save 
the Glass Mountains of trans-Pecos Texas. The corresponding increase 
at this time of pelecypod and gastropod types is suggestive of a change 
to an environment unfavorable to brachiopod life. In the unfavorable 
areas, brachiopods do not show changes brought about by progressive 


7G. H. Girty: Personal communication (1933). 

#8. C. Moore: Correlation of Pennsylvanian formationa of Texas and Oklahoma, Am. 
Assoc. Petrol. Geol., Bull., vol. 138 (1929) p. 897. 

* J. W. Beede and H. T. Knicker: Species of the genus Schwagerina and their strati- 
graphte significance, Univ. Texas Bull. 2483 (1925) p. 43; G. H. Girty: The Guadalupian 
fauna, U. 8. Geol, Survey, Prof. Pap. 58 (1908) p. 43. 

“FPF. B. Plummer and R. C. Moore: op. cit., p. 149. 

“RB. C. Moore: Correlation of Pennsylvanian formations of Texas and Oklahoma, Am. 
Assoc. Petrol. Geol., Bull., vol. 13 (1929) p. 898. 

J. W. Beede and H. T. Knicker: op. cit., p. 58, 54. 
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evolution, and are of less value for correlation purposes than in the older 
beds. Fortunately, ammonoids and the fusulinids are less restricted by 
environment; both are found in central Texas, and the fusulinids extend 
into Kansas. In both groups the effects of progressive evolution are 
apparently marked. 

Recent work of Dunbar and others has demonstrated that the fusulinid 
group is represented, in what are interpreted as successive stages of devel- 
opment, by Fusulina and Triticites in the Pennsylvanian, by Pseudofusu- 
lina near the Pennsylvanian-Permian boundary, and by Parafusulina and 
Polydiexodina in the Permian. The most important change in the suc- 
cession appears to be that by which Triticites was replaced by Pseudofusu- 
lina.** 

The highest species of Triticites, T. ventricosus, has been found at the 
top of the Gaptank formation (Uddenites zone) in the Glass Mountains, 
possibly near the top of the Magdalena limestone in the Hueco Mountains, 
in the lower part of the Cisco group (Thrifty and Harperville forma- 
tions) in central Texas, and in the Wabaunsee to Chase groups in Kansas.** 
The succeeding genus, Pseudofusulina, is found in the Wolfcamp forma- 
tion in the Glass Mountains, the lower part of the Hueco limestone (re- 
stricted) in the Hueco Mountains, the upper part of the Cisco group 
(Harpersville to Putnam formations) in central Texas, and from the 
Americus limestone of the Wabaunsee group to the Chase group in Kan- 
sas.*® In central Texas and Kansas, fusulinids disappear a short distance 
above the Pennsylvanian-Permian boundary, and later members of the 
group are confined to trans-Pecos Texas. Parafusulina, a typical Permian 
genus, occurs throughout the Leonard formation, but in its lowest zones 
is associated with a few Pseudofusulina. 

At about the same stratigraphic level as that at which Pseudofusulina 
first appears is found the-interesting, globose genus Schwagerina, appar- 
ently an offshoot of the main fusulinid stock. It has been found in the 
Wolfcamp formation in the Glass Mountains, in the lower part of the 
Hueco limestone (restricted) in the Hueco Mountains, in the upper part 
of the Cisco group (Moran formation) of central Texas, and in the upper 


«CC, O. Dunbar and G. E. Condra: The Fusulinidae of the Pennsylvanian system in 
Nebraska, Nebr. Geol. Survey, Bull. 2, 2nd ser. (1927) p. 125. 

Compiled from C. O Dunbar and G. E. Condra: op. cit., p. 91; M. P. White: Some 
Tevas Fusulinidae, Univ. Texas Bull. 8211 (1982) p. 23; P. B. King: Geology of the Glass 
Mountains, Univ Texas Bull. 8088 (1981) p. 55. 

“Compiled from C, O. Dunbar and G. E, Condra: op. cit., p. 116, 117; C. O. Dunbar 
and John Skinner: New fusulinid genera from the Permian of west Tevas, Am. Jour. Sci., 
Sth ser., vol. 22 (1980) p. 258; Robert Roth: New information on the base of the Permian 
in central Tewaa, Jour. Pal., vol. 5 (1981) p. 295; M. P. White: op. cit., p. 23. 
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part of the Wabaunsee group (Neva limestone) in Kansas.** Schwagerina 
possesses a comparatively limited range in all sections where it has been 
found. It is probable that all the occurrences are of the same general age, 
and that it is a significant zone fossil (Pl. 103). It has been suggested 
that it be used as a marker for the base of the Permian.*’ 

Ammonoids do not occur as abundantly as the fusulinids near the Penn- 
sylvanian-Permian boundary. They have not been reported from Kansas, 
but they have been found in numerous zones in the Glass Mountains of 
trans-Pecos Texas, and in central Texas. Some ammonoid genera, such 
as Gastrioceras, extend in a succession of species from the Pennsylvanian 
high into the Permian. Other stocks change progressively upward, giving 
rise to a series of genera. The development of two such stocks illustrates 
the changes in the group. 

In the middle of the Gaptank formation in the Glass Mountains, and in 
the Canyon group in central Texas, are several ammonoid faunas (PI. 103). 
These contain the genera Prouddenites and Shumardites, both with fairly 
simple sutures.** In the lower part of the Cisco group (Graham forma- 
tion) of central Texas is an abundant ammonoid fauna with Uddenites 
(a descendant of Prouddenites) and Shumardites.” The top of the Gap- 
tank formation in the Glass Mountains has also yielded abundant ammo- 
noids, including Uddenites and the genus Vidrioceras, which Smith con- 
siders synonymous with Shumardites.°° Recent collecting by Plummer 
and Scott indicates that these two faunas have many species in common 
and are probably of the same age, although the central Texas fauna had 
previously been considered the older. An ammonoid fauna in the Abo 
sandstone of New Mexico has several species in common with the lower 


“ Compiled from J. W. Beede and H. T. Knicker: op. cit., p. 23-832; C. O. Dunbar and 
G. E. Condra: op. cit., 119-123; C. O. Dunbar and John Skinner: op. cit., p. 258; M. P. 
White : op. cit., p 19, 21; E. H. Sellards : “Pre-Paleozoic and Paleozoic systems in Teras,” 
in The geology of Texas, vol. 1, Univ. Texas Bull. 3232 (1933) p. 172, 237. 

In Russia the zone of Schwagerina lies at the top of the Uralian, immediately beneath 
the base of the Permian as ordinarily recognized. Beede and Knicker, in a review of 
Tschernewschew’s work on the brachiopods of the Schwagerina zone, concluded that the 
fossils of the zone are more closely related to those above than to those below. Recently, 
the Russian geologists have reported that Schwagerina princeps extends much lower in 
the upper Carboniferous than had hitherto been supposed. This more extended range 
appears to have no counterpart in North America, and it still appears valid to use the 
genus for a local zone fossil. 

“A. K. Miller: A new ammonoid fauna of late Paleozoic age from western Texas, Jour. 
Pal., vol. 4 (1930) p. 384, 885; E. H. Sellards: op. cit., p. 112, 238. 

“FF. B. Plummer and R. C. Moore: op. cit., p. 149, 150; E. H. Sellards: op. cit., p. 114. 

© Emil Bose: The Permo-Carboniferous ammonoids of the Glass Mountains and their 
stratigraphical significance, Univ. Texas Bull. 1762 (1919) p. 17, 18; J. P. Smith: The 
transitional Permian ammonoid fauna of Teraus, Am. Jour. Sci., 5th ser., vol. 18 (1929) 
p. 65-67. 
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Cisco fauna, and is possibly also of the same age; it contains Shumard- 

In the upper part of the Wolfcamp formation of the Glass Mountains 
and in the basal part of the Wichita group of central Texas occur primitive 
representatives of Perrinites, and in the latter, a primitive Medlicottia. 
The former genus is believed by Plummer and Scott *? to be in the line of 
descent of Shumardites,®* and Smith * has suggested that the latter may 
be derived from Uddenites. In the Leonard formation of the Glass Moun- 
tains these two genera appear in typical form, with a complex sutural 
development.** 

The progressive changes in the ammonoids make them useful as zone 
fossils, and the ammonoid zones appear to correspond in a general way 
with those of the fusulinids. Smith ** believed that as Uddenites was the 
immediate ancestor of Medlicottia, it was a heralder of Permian time, 
and was of early Permian age. The genus is now known to extend much 
lower in the section than he supposed, and its direct ancestry is apparently 
traceable in the lower beds, so that this argument does not appear to be 


valid. 
EVIDENCE FROM DIASTROPHISM 


In south-central United States the latter part of the Paleozoic era was 
a time of uplift and erosion of mountain areas, and of the subsidence of 
shifting basins of deposition. Tectonic forces were acting on a continental 
area of diverse composition, which produced variety of structural features. 
At the beginning of later Paleozoic time, an area of highlands, the hinter- 
land Llanoria, occupied the present gulf coastal plain. On its northwest 
flank the Llanoria geosyncline * extended in a sinuous course from 
southeastern Oklahoma to trans-Pecos Texas (Fig. 1 B). To the north- 
west lay a foreland area. In southwestern Oklahoma and the panhandle 
of Texas the foreland was crossed in a west-northwest direction by an 
intracontinental geosyncline of moderate depth.** 


681A. K. Miller: A Pennsylvanian cephalopod fauna from south-central New Mezico, 
Jour. Pal., vol. 6 (19382) p. 61-93. 

ss. B. Plummer: Letter (July, 1932). 

83H. H. Sellards: The geology of Tewas, vol. 1, Univ. Texas Bull. 8232 (1983) p. 238. 

% J. P. Smith: The transitional Permian ammonoid fauna of Texas, Am. Jour. Sci., 
Sth ser., vol. 18 (1929) p. 64. 

5 Emil Bése: The Permo-Carboniferous ammonoids of the Glass Mountains and their 
stratigraphical significance, Univ. Texas Bull. 1762 (1919) p. 18, 207. 

% J. P. Smith: op. cit., p. 64. 

6H. K. Sellards: op. cit., p. 129. 

ssw. A. J. M. Van der Gracht: The Perm-Carboniferous orogeny of the south-central 
United States, K, Akad, Wetensch. Amsterdam Vers., Afd. Natuurk., deel 27, no. 8 (1931) 
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The movements which disturbed the region have been summarized by 
Van der Gracht, who divides them into two phases, each composed of a 
number of pulsations. The older, or Wichita, phase was of late Mississip- 
pian and early Pennsylvanian age. It folded the Wichita Mountains and 
other chains in the intracontinental geosyncline, and uplifted the land 
mass of Llanoria, causing great thicknesses of sediments to be deposited 
in the Llanoria geosyncline as products of its erosion. 

The younger, or Arbuckle, phase was of late Pennsylvanian and early 
Permian age. It caused renewed uplift in the Wichita Mountain system 
and raised the Arbuckle Mountain mass, which had not hitherto been 
active. The Llanoria geosyncline was sharply compressed, probably by 
several pulsatory movements, bringing about the intense folding and over- 
thrusting now visible in the Ouachita Mountains of Oklahoma and in the 
Marathon district south of the Glass Mountains in trans-Pecos Texas. 
The final overthrusting of the Ouachita Mountains is thought by Van der 
Gracht to be somewhat younger than the raising of the Arbuckle Moun- 
tains. After the culmination of the Arbuckle phase, diminishing move- 
ments continued into Permian time. 

Gently dipping strata, younger than the culmination of the Arbuckle 
phase, extend widely over the foreland, and overlap the folded and deeply 
eroded older rocks in trans-Pecos Texas and in the Wichita and the Ar- 
buckle mountains. In most places the lowest gently dipping strata are of 
the group transitional in character from Pennsylvanian to Permian, but 
the greater part are clearly of Permian age. 

In the Marathon district of trans-Pecos Texas several times of move- 
ment in the Pennsylvanian epoch are recorded by conglomerates in the 
Gaptank and older formations (P]. 103). In the Glass Mountains, to the 
north, younger strata were laid down after the culmination of the Arbuckle 
orogeny, and overlap the folded and overthrust older Paleozoic rocks of 
the Llanoria geosyncline (Fig. 1 B). At the southwest end of the 
Glass Mountains the Wolfcamp formation, with thick basal conglomerates, 
rests unconformably on nearly vertical shales and sandstones of the Gap- 
tank formation (Fig. 2 B). The Wolfeamp formation here contains 
Schwagerina, and the youngest beds below the unconformity contain 
Triticites cullomensis and the Prouddenites ammonoid fauna. In the 
northeastern Glass Mountains, this sharp break disappears (Fig. 2 A), and 
there is apparently a nearly complete sequence of strata from the zone 
of Triticites cullomensis to the zone of Schwagerina (Pl. 103). The inter- 
vening beds contain the Uddenites ammonoid fauna and T'riticites ven- 


% P, B. King: Geology of the Glass Mountains, Univ. Texas Bull. 3038 (1931) p. 49. 
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tricosus, the position of which, relative to the unconformity in the south- 
western part of the mountains, is not certainly known. The Wolfcamp 
formation is overlain with slight unconformity by the Leonard formation, 
the break probably representing a closing pulsation of the Arbuckle phase 
of mountain-making. 

Farther northwest, in the Hueco Mountains and the Sierra Diablo, 
later Carboniferous rocks (including the Hueco limestone, restricted) 
rest unconformably on gently folded older Paleozoic strata of the fore- 
land © (Figs. 2, C and D, and 3). In the Sierra Diablo they overlap 
the Paleozoic, and rest on rocks of pre-Cambrian age over considerable 
areas. The basal beds above the unconformity contain Schwagerina 
in both areas, and in the Hueco Mountains the highest beds below the 
unconformity, a part of the Magdalena limestone, contain Enteletes, 
Triticites cullomensis, possibly T. ventricosus, and other upper Pennsyl- 
vanian fossils (Pl. 103 and Fig. 3 A). In the Sierra Diablo only the lower 
part of the Magdalena limestone is present beneath the unconformity. 
The fossiliferous beds at the base of the upper series in these two areas 
and in the Glass Mountains are apparently of about the same age. The 
movements that caused the unconformities in the three areas may have 
taken place at about the same time. 

The unconformity between the Magdalena and the Hueco limestones 
is traceable northward from the Hueco Mountains into New Mexico.® 
Here, the Abo sandstone, with a Walchia flora and, in places, with inver- 
tebrates like those of the Cisco group, rests unconformably on the Mag- 
dalena over wide areas.®* 

Farther northeast, in central Texas and Kansas, the areas of deposition 
were farther from the regions of orogenic movement. No strata of later 
Caboniferous age are now preserved near the Ouachita Mountains or 
other structural features of the Llanoria geosyncline. The later Car- 
boniferous rocks do, however, extend northward and southward from Texas 
and Kansas to the folds of the Wichita Mountain system and the Arbuckle 
Mountains in southern Oklahoma, and these features had an important 
influence on the sedimentation. 

The sediments of Pennsylvanian age exposed on the flanks of the 
Arbuckle Mountains exhibit evidence in their upper part of a change from 


*p. B. King and RB. EK. King: Stratigraphy of outcropping Carboniferous and Permian 
rocks of trane-Pecos Texas, Am. Assoc. Petrol. Geol., Bull., vol. 18 (1929) p. 918. 

© WN. H. Darton and P. B. King: Western Tewas and Carlabad caverns, XVI Internat. 
Geol. Cong., Guidebook 13 (1933) p. 22. 

® N. H. Darton: op. cit., p. 220. 

@N. H. Darton: op. cit., p. 20; C. L. Baker: Contributions to the stratigraphy of 
eastern New Mexico, Am, Jour. Sci., 4th ser., vol. 49 (1929) p. 108-110. 
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Figure 3.—Two views, with corresponding sections, in northern trans-Pecos Teras 


A. Near head of Powwow Canyon in central Hueco Mountains, where Permian(?) lies 
on Pennsylvanian. 

B. Near south end of Baylor Mountains, southeast of Sierra Diablo, where Permian 
lies on Ordovician and Cambrian. An unconformity between the Cambrian and 
the Ordovician is also shown. 


a distant to a local source, There are many breaks in the sequence, and 
younger formations overlap the older toward the mountains. At the top 
of the Pennsylvanian the Pontotoc group, with a Walchia flora, rests 
unconformably on truncated older beds, and consists predominantly of 
arkoses derived from the granite core of the mountains. The succeeding 
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strata of Permian age on the flanks of the Wichita Mountain system and 
the Arbuckle Mountains consist entirely of red shales and sandstones, 
which were spread northward and southward for considerable distances 
toward Kansas and Texas. 

In central Texas the clastic rocks of the Cisco group are apparently 
related to the mountain-making in southern Oklahoma. The group forms 
a unit of shales, sandstones, conglomerates, and thin limestones, which 
contrasts with the overlying and underlying Wichita and Canyon groups, 
in which limestone predominates. The lower part of the group thickens 
markedly toward the north,** where sandstones increase in prominence ; 
this part contains the Uddenites ammonoid fauna and Triticites ventri- 
cosus. A local unconformity is found at the base of the group,® and a 
widespread one, overlain by conglomeratic sandstone, occurs at the top 
of its lowest formation.** Another local break, higher up, is reported (in 
the Harpersville formation).** Toward the north, in the upper part of 
the group (Pueblo and higher beds), and within the range of Pseudofu- 
sulina and Schwagerina, arkoses similar to those of the Pontotoc group in 
Oklahoma make their appearance.®* The upper part of the Cisco group 
and the whole of the Wichita group change into red beds near the Texas- 
Oklahoma boundary. Subsurface studies by Cannon and Cannon suggest 
that the subsidence of the Permian basin of deposition west of the central 
Texas area first began in later Cisco time. 

North of the Arbuckle Mountains the thick clastic deposits of the Penn- 
sylvanian thin out toward Kansas, and the unconformities disappear or 
decrease in prominence.*® In Kansas the series is of slight thickness, 
and is chiefly limestone and shale. An unconformity some distance be- 
neath the base of the Pontotoc (base of Vamoosa formation) in the 
Arbuckle Mountains is traceable northward into Kansas,” where it is 
represented by a widespread break in the Douglas group (base of Moore’s 
proposed Virgil series).7* The arkoses of the Pontotoc group disappear 
toward the north, and the unconformity at its base is lost. A tracing 
of the beds suggests that it correlates with the Wabaunsee group and the 


“F. B. Plummer and R. C. Moore: op. cit., p. 125, 126. 

& Op cit., p. 125. 

Op. cit., p. 154. 

«7 R. L. Cannon and Joe Cannon: Structural and stratigraphic development of south 
Permian basin, west Teras, Am. Assoc. Petrol. Geol., Bull., vol. 16 (1932) p. 191. 

®M. G. Cheney: Stratigraphic and structural studies in north-central Tervas, Univ. 
Texas Bull. 2913 (1929) p. 18. 

R. C. Moore: Correlation of Pennsylvanian formations of Texas and Oklahoma, Am. 
Assoc. Petrol. Geol., Bull., vol. 18 (1929) p. 891, 892. 

7 Op. cit., p. 892. 

2R. C. Moore: A reclassification of the P yl i yat of the northern mid- 
continent region, Guidebook 6th Ann. Field Conf., Kansas Geol. Soc., Wichita (1932) p. 89. 
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upper part of the Shawnee group in Kansas.’* The red beds of Permian 
age in southern Oklahoma change northward to marine limestones and 
shales in Kansas. Here, a marked change in lithology occurs near the 
horizon of the Americus limestone, where Pseudofusulina first appears 
and where there are changes in the fauna as a whole. Coal beds are 
lacking above, and the shales change from gray to variegated colors.’* 


SUMMARY 


This survey of conditions near the Pennsylvanian-Permian boundary 
suggests certain generalizations. 

Important diastrophism, with mountain-making in the mobile areas, 
was accomplished by a series of movements in late Pennsylvanian and 
early Permian time. Deformation in the intracontinental geosyncline 
of southwestern Oklahoma took place in the upper Pennsylvanian, and 
was probably in progress in Douglas and early Cisco times. The last 
important movements raised the mountains to sufficient height for their 
granite cores to be exposed, so that by the end of Pennsylvanian time, 
arkoses were spread around them, and later, red beds. Mountain-making 
was in progress in the Llanoria geosyncline in trans-Pecos Texas in later 
Pennsylvanian time, and reached its culmination in strong folding and 
northwestward overthrusting before the deposition of the Wolfcamp. 
These movements were of about the same age as the last ones in south- 
western Oklahoma. In the Ouachita Mountain segment of the Llanoria 
geosyncline, in southeastern Oklahoma, the culmination of overthrusting 
and folding is thought to be younger than the greater part of the move- 
ments in the southwestern part of that State. 

In trans-Pecos Texas the late Pennsylvanian movements produced a 
marked unconformity by which the later Carboniferous beds rest, over 
wide areas, on a deeply eroded surface of older rocks. A similar, but less 
pronounced, break extends far to the north in New Mexico. Farther east, 
however, marked unconformities are found only near the mountain up- 
lifts. In central Texas there are a number of small unconformities near 
the top of the Pennsylvanian, and in Kansas no significant break. The 
late Pennsylvanian diastrophism in these areas is recorded chiefly by the 
character of the sediments. 

The time of transition from Pennsylvanian to Permian was one of 
changing environments, and many of the forms of life were affected by 


7 R, C. Moore: Correlation of Pennsylvanian formations of Texas and Oklahoma, Am. 
Assoc. Petrol. Geol., Bull., vol. 18 (1929) p. 897. 

72. C. Moore: A reclassification of the Pennaylvanian system of the northern mid- 
continent region, Guidebook 6th Ann. Field Conf., Kansas Geol. Soc., Wichita (1932) p. 89. 
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the new conditions. Near the top of the Pennsylvanian the plants adapted 
to a moist climate gradually disappeared and were replaced by new floras, 
migrating from other regions and adapted to a drier climate. In the 
marine areas of central Texas and Kansas, toward the close of Penn- 
sylvanian time, there was a gradual decrease in the number of brachiopods 
and an increase in the number of pelecypods and gastropods, which were 
better suited to the changed conditions. Of all the marine areas, that in 
trans-Pecos Texas alone remained favorable for a rich marine life well 
into Permian time. Here, the faunas were not restricted, but there were 
changes, generally interpreted as resulting from progressive evolution. 
The older species persisted in the Wolfcamp formation, after the culmi- 
nation of the diastrophism in the area, but with them are found new 
types that foreshadowed the coming of Permian life. In the succeeding 
beds (Leonard) the fauna is definitely of Permian character, and few 
Pennsylvanian species remain. In this region the sequence of forms of 
the ammonoids and the fusulinids is particularly well developed, and the 
new genera spread in occasional zones into the less favorable marine areas 
of central Texas and Kansas. 

It is probable that the changes to be seen in the plant life and in the 
marine life of central Texas and Kansas were caused by changed condi- 
tions brought about by the late Pennsylvanian diastrophism. The change 
from the Pennsylvanian to the Permian fauna in west Texas, interpreted 
as due to progressive evolution, may also be related to the diastrophism, 
but this has not been established. 

The problem of the Pennsylvanian-Permian boundary has many ramifi- 
cations, which involve regions far outside trans-Pecos Texas. No general 
revision is, therefore, attempted in this paper. In trans-Pecos Texas the 
unconformity in the upper Carboniferous below the zone of Schwagerina 
would be the natural line for a subdivison of the later Carboniferous in 
that area. The writer is, therefore, inclined to consider it the base of the 
Permian. Following usage in other divisions of geologic time, the beds 
with transitional faunas and floras above this unconformity, and the seem- 
ingly equivalent transition beds elsewhere in south-central United States, 
might well be made the basal beds of the Permian series. 


STRATIGRAPHIC FEATURES OF THE WEST TEXAS PERMIAN 
LITHOLOGIC FACIES OF THE PERMIAN SERIES 
Even a cursory study of the strata that lie above the unconformity in 


trans-Pecos Texas discloses stratigraphic relations of unusual complexity. 
In some mountain areas the series is a monotonvus succession of limestone 
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beds, not greatly different from base to top. In other mountains nearby, 
limestone, shale, and sandstone beds alternate. These would seem to form 
the natural basis for a subdivision into formations, but the geologist soon 
learns to his discouragement that none of these layers can be traced far 
along the strike, and that each set of beds is replaced within short dis- 
tances by deposits of different character. 

Many of the peculiar stratigraphic features of the Permian series are 
well shown in the Sierra Diablo, where the strata are nearly horizontal 
and are exposed in bare escarpments and canyon walls several thousand 
feet in height (Fig. 9).* In this region the most prominent rocks of the 
succession are great beds of massive limestone, which crop out in bold 
cliffs and escarpments. They are composed of crystalline, noncherty lime- 
stone, which is generally, but not everywhere, dolomitized. Their bedding- 
planes are few or indistinct, but where they can be observed, many of them 
lie at a steeper angle than those of the more thinly bedded deposits above 
or below them. This suggests that the massive limestone deposits pos- 
sessed a certain amount of relief at the time of their deposition. 

Study of the escarpments in the Sierra Diablo reveals that the massive 
limestone deposits possess no great lateral extent and that they inter- 
finger in a most striking manner with deposits of other sorts. Apache 
Canyon, near the north end of the range (Fig. 8 for location), cuts en- 
tirely through a deposit of massive limestone several miles in width (Figs. 
9 Band 108). Toward the northeast, along the walls of the canyon, the 
massive limestones are replaced by a series of black argillaceous lime- 
stones and siliceous shales, which crop out in smooth slopes, as shown in 
Figure 9 B. The transition between the two deposits is marked bv inclined 
beds and tongues of massive limestone, which dip toward the clastic de- 
posits at angles as high as 20° (Fig. 11 A). On the opposite, or south- 
westward, side the massive limestone deposit merges with another group 
of rocks, a monotonous succession of thin-bedded, dirty gray dolomitic 
limestones, shown at the southwest end of the section in Figure 10 B. 
These in places are crowded with the tests of fusulinids. The nearly hori- 
zontal strata on the canyon walls, therefore, contain three unlike lithologic 
facies of the same age. 

Examination of the canyons and the escarpments adjacent to Apache 
Canyon shows that, in spite of the small width of the massive limestone 
deposit, it attains great linear extent. It is exposed at numerous places 
along a sinuous course, which trends in general northwest and southeast, 
and which, within the limits of the mountain range, has a length of over 


™% These rocks form a part of the Bone Spring limestone, described on page 751. 
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25 miles (Fig. 7 B). This linear deposit of massive limestone serves as a 
boundary between two lithologic sequences of unlike character. Northeast 
of it the succession consists of argillaceous black limestone and siliceous 
shale, with intercalated beds of massive limestone (sections 9 and 10, Fig. 
5B). Southwest of it the entire sequence is composed of thin-bedded dolo- 
mitic limestone (sections 1, 3, and 4, Fig. 5 B). 


RELATION OF ROCK FACIES TO FAUNAS 


There is a significant relation between the various types of rock in the 
Permian series and the fossils that they contain. The faunal assemblage 
varies from one rock type to another, the variation being not so much in 
the presence or absence of any invertebrate group, as in the character of 
the members of the group that are present. Each faunal aggregate appears 
to have been adapted to a limited environment, the influence of which is 
also expressed by the nature of the rock laid down at the time. 

The siliceous shales that form a part of the clastic strata of the north- 
east part of the Sierra Diablo region are found in even greater develop- 
ment in other mountains of trans-Pecos Texas. In the Glass Mountains 
they contain the tests of radiolaria and the spicules of sponges. Inter- 
bedded in the sandy and shaly strata are thin beds of granular limestone, 
in which invertebrates of the Guadalupian and related faunas are richly 
developed. Such brachiopods as Prorichthofenia and Leptodus are abun- 
dant. Ramose and foliaceous bryozoans are common, and small columns 
of crinoids are numerous. In the Glass Mountains some of the limestones 
of this facies are crowded with ammonoids, and in the Sierra Diablo other 
molluscan groups have a rich, but sporadic, development. 

Massive limestone deposits, such as those described in the Sierra Diablo, 
are rather thoroughly dolomitized in many places, and even where not so 
altered their fossil remains are generally obliterated. Well-preserved 
fossils are found, however, in the tongues of massive limestone that inter- 
finger with the clastic facies, and some may be discovered by fortuitous 
collecting within the main mass of the deposit. Most of the fossils of these 
limestones are massive or thick-shelled and include varieties of algae, 
sponges, corals, bryozoans, and brachiopods. The relative abundance of 
different members of the assemblage varies from place to place in the 
deposit, so that no single group may be described as the chief builder of the 
rock. It is clear, however, that organisms of some sort were in all places 
an important factor in the formation. 

Thin-bedded dolomitic limestones, such as those in the southwestern 
part of the Sierra Diablo, contain little else than fusulinids, although some 
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intercalated beds contain a few brachiopods or gastropods. In limestones of 
this type in the Guadalupe Mountains there are numerous small spherical 
algal masses similar to Girvaneila. 


REEF ORIGIN OF THE MASSIVE LIMESTONE DEPOSITS 


The massive limestone deposits in the Permian series, such as those 
described in the Sierra Diablo, have been interpreted by many geologists 
as limestone reefs ° of organic origin."* The writer believes that many 
of these deposits have such an origin. Those which appear to be true 
limestone reefs may be distinguished by several characters: (1) their small 
extent laterally ; (2) their rapid transition laterally into deposits of other 
sorts; (3) evidence, such as the originally inclined bedding-planes, which 
shows that the deposit stood at a level higher than the clastic deposits laid 
down nearby; and (4) evidence that the massive calcareous skeletons of 
algae and various invertebrate animals had an important part in the for- 
mation of the rock. 

Not all the massive limestone deposits are of reef origin. Some of them, 
such as the upper limestone ledges of the Sierra Diablo, form broad sheets 
of great lateral extent. They grade laterally, through considerable dis- 
tance, into other deposits and extend as tongues, or wedges, into these 
deposits. The bedding-planes of the upper limestones of the Sierra Diablo 
are somewhat irregular, and dip at a low angle in various directions. In 
many places the inclined beds are truncated by beds that lie above them. 
Similar limestones in the middle of the Glass Mountains section (Word 
formation) are oolitic. 


REGIONAL RELATIONS OF FAUNAL AND LITHOLOGIC FACIES 


In the preceding paragraphs a review has been made of the complex 
faunal and lithologic facies in the rocks of the Permian series in trans- 
Pecos Texas. Mapping of the various mountain areas demonstrates that 
not only do such relations characterize small parts of the section, such 
as those exposed in the escarpments of the Sierra Diablo, but that they 
are an important feature of the entire series. In each area a group of 
generally clastic deposits holds a constant relation to limestone reefs. 
In part, as in the Sierra Diablo, this facies is black argillaceous limestone 


7% Used In a similar sense to the term “bioherm,” proposed by Cumings, as a re- 
sult of studies in Indiana, for banks or mounds of limestone of organic origin (E. R. 
Cumings: Reefs or bioherms? Geol. Soc. Am., Bull,, vol. 43 (1982) p. 333-335). Arkell 
(W. J. Arkell: The Jurassic system in Great Britain, Oxford University Press, London 
(1988) p. 615, 616) objects to Cumings’ terminology as being artificial and not promoting 
clarity. To the writer some of his criticisms seem well founded. 

71. R. Lloyd: op. cit., p. 645-658. 
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and siliceous shale. In other places, such as the Delaware Mountains, 
sandstone is a conspicuous feature. These deposits are apparently all 
closely related, and there is complete gradation between them. Thus, the 
siliceous shale seems to differ from the sandstone chiefly by its much finer 
grain. The change from these clastic strata to reef deposits takes place 
in the same direction in all parts of the section in each mountain area; 
there was a tendency for rocks of one facies to be deposited in the same 
general region throughout Permian time. 

This direction of change in facies, characteristic of all parts of the sec- 
tion, varies from one mountain area to another. Thus, in the Sierra 
Diablo it has been noted that the change from clastic to calcareous rocks 
takes place in a southwestward direction. In the Glass Mountains the 
entire sequence changes from siliceous shale, thin beds of limestone and 
fine sandstone, through limestone reef masses, into bedded limestones in 
the northeastern part (Fig.4 A). In the Guadalupe Mountains a similar 
change in a northward direction has been described (Fig. 4 B). Some 
other mountain areas received deposits of only one facies. Thus, the 
Delaware Mountains are composed chiefly of sandstones, argillaceous lime- 
stones, and other more or less clastic strata, whereas areas in the western 
part of the region, as in the Wylie and the Hueco mountains, are com- 
posed entirely of bedded limestone. 

Further information is afforded by drilling in the plains east of the 
trans-Pecos mountain area. East of the Pecos River such work has dis- 
closed a broad unlift of north-northwest trend, known as the central 
basin platform (Fig. 1 B),"" which is capped by massive limestone de- 
posits similar to those in the mountain areas. Drilling shows that the 
upper massive limestone deposits are joined on the south to the upper 
limestone reefs in the Glass Mountains and on the north to those in the 
Guadalupe Mountains. They are flanked on the west by sandy and shaly 
deposits.”® 

Evidence from a study of exposures and from drilling suggests that 
black limestones, siliceous shales, and sandstones were laid down in rela- 
tively restricted depressions, surrounded on nearly all sides by limestone 
reefs, Three such depressions have been recognized. The easternmost 
lay east of the central basin platform, and has been called the main Permian 


77 So called by Lon D. Cartwright in Transverse section of Permian basin, west Texas 
and southeastern New Mezico, Am. Assoc. Petrol. Geol., Bull., vol. 14 (1930) p. 970. 
This feature is well shown on a structure map by H. P. Bybee in Some major structural 
features of west Texas, Univ. Texas Bull. 3101 (1931). E. H. Sellards: op. cit., p. 52. 
Sellards uses the term, Pecos uplift, for this feature. 

7% Robin Willis: Structural development and oil accumulation in the Texas Permian, 
Am. Assoc. Petrol. Geol., Bull., vol. 18 (1929) figs. 2, 3. 
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basin.” West of the platform, and extending to the limestone reefs in 
the Glass, the Guadalupe, and other mountains, was a nearly circular area, 
which has been called the Delaware basin (Fig. 1 B).°° West of the 
Delaware basin, in the region south of the Sierra Diablo and west of the 
Glass Mountains, there appears to have been another depression, which 
has been called the Marfa basin.*! Little is known of this feature. All 
three basins received marine deposits during part of Permian time, but 
they were covered by saline deposits during the later Permian. 

Most of the mountain areas in trans-Pecos Texas that expose Permian 
strata lie in, or near, the Delaware basin, and many of its features are 
discussed in this paper. The two other basins are given less notice because 
less is known of them, and because most of the available knowledge is 
based on drill records, a subject outside the scope of this paper. It seems 
probable that stratigraphic theories here formulated for the Delaware 
basin may be found equally applicable to the other two, less known basins. 


EXPLANATION OF TERMINOLOGY 


In the following discussion, correlations of the Permian rocks in the 
different mountain areas are made largely by comparison of the fossils 
in each district with those in different zones in the Glass Mountains, in 
which the stratigraphic range of some of the groups is best known. Three 
fossil groups (the brachiopods, the ammonoids, and the fusulinids) are 
used as evidence for correlation, partly because they alone have received 
systematic study, and partly because of their recognized value as strati- 
graphic markers. In the discussion of the brachiopod faunas the generic 
and specific names used by R. E. King have been employed, in order to 
facilitate comparison with the faunas described by him in the Glass 
Mountains. 

The complex features of the Permian series make it difficult to work 
out a useful stratigraphic terminology. Moreover, most of the current 
formation names were proposed before the relations of the various facies 
and faunas were fully understood. The Permian rocks in the mountain 
areas of trans-Pecos Texas are all of similar general character and contain 
similar fossils, so that they are, at least in part, of the same age. Theo- 
retically, it might seem desirable to establish a standard scheme of termi- 


7 Robin Willis : op. cit., p. 1034, fig. 1; see also, L. D. Cartwright: op. cit. ; H. P. Bybee: 
op. cit.; R. L. Cannon and Joe Cannon: op. cit. Sellards, in an unpublished manuscript, 
has used the term, Midland basin, for the so-called main Permian basin. 

8 First described by Robin Willis, and called by him the Delaware Mountain basin (op. 
cit., p. 1084, fig. 1) ; see also L. D. Cartwright: op. cit.; H. P. Bybee: op. cit. 

8 F. H. Lahee: Contributions of petroleum geology to pure geology in the southern mid- 
continent area, Geol. Soc. Am., Bull., vol. 43 (1932) fig. 2. 
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nology, applicable to all districts. In practice, however, this meets with 
difficulties. Work is not yet sufficiently detailed to establish all correla- 
tions with certainty, and the present stratigraphic names express indi- 
vidual facies which would not be as clearly connoted by the use of a name 
derived from a distant type locality. 

In the present paper, therefore, two standard sections have been used, 
in which the stratigraphic terminology has been worked out by the use 
of existing names, either in their original or in a modified sense. One 
section is applicable in the wide area of Permian exposure of northern 
trans-Pecos Texas (the Hueco Mountains, Sierra Diablo, and the Guada- 
lupe, the Delaware, and the Apache mountains) (Fig. 1 A). The other 
section is applicable in southern trans-Pecos Texas, in which the chief 
exposure is in the Glass Mountains. The formations of Permian age in 
these two standard sections are as follows: 


Northern trans-Pecos Texas: Southern trans-Pecos Texas: 
Rustler limestone Bissett conglomerate 
Castile gypsum (Permian ?) 
Capitan limestone Capitan limestone 
Delaware Mountain formation Word formation 
(restricted ) 
Bone Spring limestone Leonard formation 
Hueco limestone (restricted) Wolfcamp formation 


(Permian ?) 


In attempting to understand Permian history, the reader should observe, 
not so much the local names of the formations, as the relations of different 
facies, and the distribution of typical fossils, 


GLASS MOUNTAINS SECTION 
GENERAL FEATURES 


The Glass Mountains are composed of Permian strata laid down on 
the southeast side of the Delaware basin, where the deposits of that 
basin overlap the strongly folded rocks of the Llanoria geosyncline. By 
accidents of structure and erosion, the whole of the series, with the excep- 
tion of the saline beds at the top, is exposed in the mountains, and the 
section has an aggregate thickness of 5000 to 7000 feet. The base of the 
series is exposed on the southeast side of the mountains, where it rests 
unconformably on the Pennsylvanian and older rocks. The upper beds 
crop out on the northwest side, where they pass unconformably beneath 
the Comanche series (Lower Cretaceous). Within the mountain area 
are many of the characteristic rock facies of the Permian series. Because 
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of the completeness of the sequence and the variety of the rocks, the Glass 
Mountains section is a good standard with which to compare sections 
in other mountain ranges of the region. In the other ranges only parts 
of the series are exposed, and in some of them, only rocks of one facies. 

The formation names in the Glass Mountains are based largely on the 
original terms used by Udden and Bose,®* but these have been modified 
by later usage. Some of them are redefined in this paper, the better to 
express depositional and faunal history. The formations, as now defined, 
are bounded either by unconformities or by persistent beds of limestone 
that can be traced in the field; each formation has its own characteristic 
fauna. 

WOLFCAMP FORMATION 


The Wolfcamp is one of the formations already mentioned, the fossils 
of which appear to be transitional from Pennsylvanian into Permian. 
It was named by Udden and Bose in 1917.8* It crops out in scattered 
exposures along the southeast foothills of the Glass Mountains, and as 
now defined has a thickness of about 600 feet. Toward the southwest it 
overlaps strongly folded and overthrust strata with upper Pennsylvanian 
fossils, which belong to the Gaptank formation. It consists here of coarse 
conglomerates below, overlain by sandstones and shales. To the northeast 
the conglomerates disappear, the unconformity at the base dies out, and 
there appears to be a nearly uninterrupted sequence upward from the 
Gaptank formation. In this region (the type locality) the formation is 
mostly clay shale, with thin intercalated limestone beds. No limestone 
reefs are found in the Wolfcamp formation. 

The formation is overlain unconformably by the succeeding Leonard 
formation. In places considerable thickness of strata has been removed 
by pre-Leonard erosion, and in many localities, differences in dip between 
the two formations is as much as 10°.%* 

In the northeastern Glass Mountains, directly beneath the main part 
of the Wolfcamp formation is a shale member that contains the fusulinid 
Triticites ventricosus, a group of ammonoids, of which the most important 
is Uddenites, and abundant brachiopods (Pl. 103). This bed was first 
designated as Permian, as a basal member of the Wolfcamp formation, by 
Bése,®* but it has since been interpreted by some geologists as Permian 


8 J, A. Udden: Notes on the geology of the Glass Mountains, Univ. Texas Bull. 1753 
(1917) p. 3-59; Emil Biése: The Permo-Carboniferous ammonoids of the Glass Mountains 
and their stratigraphical significance, Univ. Texas Bull. 1762 (1919). 

83 J, A. Udden: op. cit., p. 41-43; Emil Bése: op. cit., p. 15, 16. 

% Pp, B. King: Geology of the Glass Mountains, Univ. Texas Bull. 3088 (1931) fig. 20. 

% Emil Bése: The Permo-Carboniferous ammonoids of the Glass Mountains and their 
stratigraphic significance, Univ. Texas Bull. 1762 (1919) p. 16. 
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Smiles 


Ficure 4.—Stratigraphic diagrams in the Glass and the Guadalupe mountains 


Further details of the lower part of the diagram are shown in Figure 5 A. 


A. Glass Mountains. 


Based on a review of the literature rather than field work, 


B. Guadalupe and Delaware mountains. 


particularly on the work of K. H. Crandall. 
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and by others as Pennsylvanian.*® The recent work of Plummer and Scott 
on the ammonoid faunas of central Texas shows that the horizon has a 
large number of species in common with that of the Graham formation 
(lower Cisco). White *’ also finds T'riticites ventricosus in the lower part 
of that group. Equivalent beds in central Texas thus lie in unquestioned 
Pennsylvanian strata, which were apparently laid down prior to the great- 
est crustal disturbances in that region. The writer, therefore, agrees 
now with Sellards’ ** recent conclusion that the horizon may most pro- 
perly be considered as of Pennsylvanian age. The base of the Wolfcamp 
formation in the northeastern Glass Mountains is here tentatively as- 
sumed to lie at the base of a gray limestone member that overlies the 
Uddenites-bearing shales. The fossil evidence afforded by this bed is, 
however, indefinite. Sellards places the base of the Wolfcamp formation 
at the top of the gray limestone. 

The overlying Wolfcamp formation in the northeastern Glass Moun- 
tains contains Schwagerina kansasensis near its base. Higher up *° are 
Schwagerina uddeni, S. fusulinoides, Pseudofusulina logissimoidea, and 
P. huecoensis (P}. 103).° Numerous brachiopods are associated with the 
fusulinids. According to R. E. King ® a large number of the species 
are found also in the Pennsylvanian (Chonetes granultfer, Linoproductus 
cora, Pustula semipunctata, Marginifera wabashensis, Meekella striati- 
costata, Spirifer triplicatus, and others), but some of them are of un- 
mistakable Permian character (Parakeyserlingina fredericksi—a primi- 
tive lyttoniid, Aulosteges wolfcampensis, Squamularia guadalupensis, 
Camarophoria venusta, and others). In the southwestern part of the 


1. A. Keyte, W. G. Blanchard, and H. L. Baldwin: Gaptank-Wolfcamp problem of the 
Glass Mountains, Jour. Pal., vol. 1 (1927) p. 175-178; P. B. King: Geology of the Glass 
Mountains, Univ. Texas Bull. 3038 (1931) p. 53-57; R. E. King: Geology of the Glass 
Mountains, Univ. Texas Bull. 3042 (1931) p. 6-7; J. P. Smith: The transitional Permian 
ammonoid fauna of Texas, Am. Jour. Sci., 5th ser., vol. 18 (1929) p. 63-64; E. H. Sell- 
ards: op. cit., p. 148. 

87M. P. White: Some Teras Fusulinidae, Univ. Texas Bull. 3211 (1932) p. 23. 

8 BE. H. Sellards: op. cit., p. 148. 

% P. B. King: Geology of the Glass Mountains, Univ. Texas Bull. 8088 (1931) p. 54-55. 

J. W. Beede and H. T. Knicker: Species of the genus Schwagerina and their strati- 
graphic significance, Univ. Texas Bull. 2433 (1925) p. 52-55; C. O. Dunbar and John 
Skinner: New fusulinid genera from the Permian of west Texas, Am. Jour. Sci., 5th ser., 
vol. 22 (1930) p. 257-258; M. P. White: op. cit., p. 81-85; C. O. Dunbar and G. E. Condra: 
The Fusulinidae of the Pennsylvanian system in Nebraska, Nebr. Geol. Survey Bull. 2, 
2nd ser. (1927) p. 117-123. Both Beede and White are in error as to the horizons of 
their material. The former reports Schwagerina from below the Uddenites horizon, and 
the latter reports it from the upper part of the Gaptank formation and the lower part 
of the Wolfcamp formation. Neither author collected the material that he studied, and 
it was probably incorrectly labeled in the field. One of White's collections was probably 
from the exposure of Wolfcamp formation mapped by the writer at Gap Tank, and the 
other was from the horizon of bed 12 at Wolf Camp. 

1 R. E. King: Geology of the Glass Mountains, Univ. Texas Bull. 3042 (1931) p. 6-7. 
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mountains there is also a small ammonoid fauna with Perrinites cf. béset 
and Prothalassoceras welleri, which Plummer has compared tentatively 
with that found by him in shales at the base of the Wichita group in 
central Texas (Pl. 103). A single specimen of a Walchia branch has been 
collected in the lower part of the Wolfcamp formation.** 

The Wolfcamp formation is probably to be correlated with the upper 
part of the Cisco and the lower part of the Wichita group, because its 
fusulinids and its one ammonoid fauna occur in that part of the section 
in central Texas. 


LEONARD FORMATION 


The Leonard formation was first described by Udden in 1916 % and 
was named for exposures on Leonard Mountain, As originally defined, 
it included all the strata from the Wolfcamp formation below (at that 
time not separated from the Gaptank formation) to the Word formation 
above. In the following year, however, another formation, the Hess, was 
inserted in the section below the Leonard.** The new formation name 
was applied to the limestones northeast of the Hess ranch, which Udden 
and Beede * thought might be separated from the overlying beds by an 
unconformity. In 1932 the writer ®* presented evidence that the Hess 
formation was a lateral facies of the beds to which the name, Leonard 
formation, was at that time restricted. He now proposes to apply the 
name, Leonard, to all beds between the Wolfcamp and the Word forma- 
tions, and to consider the Hess a member of the Leonard. 

The Leonard formation has an aggregate thickness of about 2000 feet. 
In the southwestern *’ part of the mountains, as shown in Figure 5 A, 
it consists of interbedded siliceous shale (with radiolaria), clay shale, 
and sandstone. Here occur many thin beds of limestone, which contain 
fossil fragments and pebbles of limestone and chert, probably derived 
from the erosion of the Marathon folds to the south. The basal part of 


* Discovered by the writer in a collection made by Udden and Bose in 1916 in shales 
north of the igneous intrusive, 24% miles northeast of the Hess ranch. Identified by 
David White. 

J. A. Udden, C. L. Baker, and Emil Bose: op. cit., p. 51-52. 

* J. A. Udden: Notes on the geology of the Glass Mountains, Univ. Texas Bull. 1753 
(1917) p. 43-46. 

*% J. A. Udden: op. cit., p. 45; J. W. Beede: Notes on the geology and oil possibilities 
of the northern Diablo plateau in Texas, Univ. Texas Bull. 1852 (1920) p. 29-30. 

*Pp. B. King: Limestone reefs in the Leonard and Hess formations of trans-Pecos 
Texas, Am. Jour. Sci., 5th ser., vol. 24 (1932) p. 338-354. 

“ The terms, northeast and southwest, are used in the description of the Glass Moun- 
tains for the directions in which changes of facies may be observed along the strike of 
the rocks. However, the trend of the limestone reefs in the mountains appears to be 
north-northeast, so that the greatest change in facies probably takes place in a west- 
northwest to east-southeast direction, 
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the formation consists of massive limestone, which thickens northeastward 
between sections 12 and 17 of Figure 5 A. Above, there are five other 
members of massive limestone, as shown in section 12. In the north- 
eastern part of the mountains, in sections 23 and 24, the shaly beds occupy 
only a small thickness in the upper part of the formation. Beneath is a 
mass of thin-bedded, dirty gray dolomitic limestone, with few fossils 
other than fusulinids. This is the Hess thin-bedded limestone member 
of the Leonard formation. 

Between the northeastern and the southwestern areas, in a region of 
much faulted and disturbed strata, are bold hills, such as Leonard Moun- 
tain, made up of massive gray limestones. These strata intergrade north- 
eastward, as in section 22, and southwestward, as in sections 16 and 17 
(Fig. 5), with rocks of the other two facies, and have been interpreted 
as low-lying limestone reefs.** Observations in the vicinity of Leonard 
Mountain indicate that the axis of the reef deposits has a northeast trend. 
The reef deposits had their greatest basinward extent in lower Leonard 
time, and retreated gradually northeastward along the strike. 

The most abundant fossils of the Leonard formation are found in the 
thin limestones interbedded in the clastic strata of the southwest part 
of the mountains. Leonard fauna is characteristically Permian, for it 
includes such brachiopod genera as Aulosteges, Prorichthofenia, and 
Leptodus, as well as large fusulinids, and ammonoids with complex suture. 
The formation lacks, however, a number of elements of the more highly 
developed faunas above, of more typical Guadalupian character, and one 
brachiopod species (Composita subtilita) continues up from the Penn- 
sylvanian. 

Some of the fossils of the Leonard formation are long-ranging, and 
characterize the whole of the Permian in trans-Pecos Texas (such as 
Camarophoria venusta, shown in Figure 6 A, and Squamularta guada- 
lupensis). Others make their first appearance in the formation and 
continue with increasing size or abundance into higher beds (as the 
fusulinid Parafusulina and the brachiopod Leptodus). 

Other fossils of the formation are unlike those in either lower or higher 
beds. Among the brachiopod species restricted to the formation are 
Productus west (Fig. 6 B), Marginifera manzanica, M. cristobalensis, 
and three species of Prorichthofenia: P. likharewt, P. teguliferotdes, and 
P. uddeni (Fig. 6 D). The second species, found only in the lower part 
of the formation, is “intermediate in structure between T'eguliferina 


* Pp. B. King: Limestone reefe in the Leonard and Hess formations of trans-Pecos 
Tezas, Am. Jour. Sci., Sth ser., vol. 24 (1932) p. 338-343. 
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[found in the Pennsylvanian and the Wolfcamp formation] and the more 
specialized forms of Prorichthofenia.” ** The Leonard formation con- 
tains also the ammonoid genus, Perrinites, of which P. vidriensis is 
the most common species, and the characteristically Permian genus 
Medlicottia.° 

Some of the fossils in the formation are sharply restricted by the en- 
vironment of deposition. They are found only in certain types of rock, 
and have a less definite vertical range than the species noted above. This 
is particularly true of the fossils in the limestone reefs, which include 
various species of sponges (large specimens of Heterocoelta, and others), 
colonial corals, and massive bryozoans. Four brachiopods with high and 
deformed cardinal areas are confined to this facies (Scacchinella gigantea, 
Meekella hessensis, Geyerella americana, and Streptorhynchus undulatum) 
(Fig. 6 C). The genera, Enteletes and Rhipidomella, are more common 
in the limestone reefs than elsewhere in the formation, and FE. dumblet is 
apparently restricted to them. This species also recurs in similar strata 
in the overlying Word formation. 

The thin-bedded limestones of the Hess member in the northeastern 
part of the mountains are characterized by an abundance of fusulinids, 
particularly of the genus, Parafusulina. Some Pseudofusulina are re- 
ported by Dunbar in the lower part. A number of brachiopods are found 
only in this facies (Productus hessensis, Sptrifer huecoensis and others), 
and two species (Composita mexicana and Pugnoides teranus) occur in 
unusual abundance in certain layers. The bedded limestone facies also 
contains a large species of the gastropod genus, Omphalotrochus. 


WORD FORMATION 


The Leonard formation is overlain, apparently conformably, by the 
Word formation, named by Udden in 1916.'°' The formation reaches a 
thickness of 1500 feet in the southwestern part of the mountains, where 
it consists of siliceous shale and some clay shale, and a persistent bed of 
limestone at the base. Thick beds of fine-grained sandstone and a few 
thin beds of conglomerate are interbedded in the shales in the southwest- 
ernmost exposures, but conglomerate is lacking elsewhere. In the central 
part of the mountains, three tongues of massive or thick-bedded limestone 
extend into the shaly beds in the middle and upper part of the formation 
(Fig. 4 A). Some of these limestones are odlitic. In the northeastern 


 R. BE. King: Geology of the Glass Mountains, Univ. Texas Bull. 3042 (1931) p. 100. 

10 Emil Bése: The Permo-Carboniferous ammonoids of the Glass Mountains and their 
stratigraphical significance, Univ. Texas Bull 1762 (1919) p. 18. 

101 J, A. Udden, C. L. Baker, and Emil Bése: op. cit., p. 52. 
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part of the mountains, where the formation is thin, it is composed entirely 
of bedded dolomitic limestone. 

There is little evidence to suggest that the massive limestones of the 
Word formation were reef deposits, They have a much greater lateral 
extent than those of the underlying and overlying formations, and are, 
in part, well-bedded. A reeflike mass that rests on the basal limestone 
member south of Sullivan Peak, in the southwestern part of the moun- 
tains (Fig. 4 A), appears to be an exceptional feature. 

The fauna of the Word formation is different from the Pennsylvanian, 
and is identical with a part of the Guadalupian fauna of Girty. It is 
characterized by large members of the genus, Parafusulina (P. wordensis 
Dunbar and Skinner *°*) and an ammonoid fauna, most abundant near the 
middle of the formation, but found also both below and above. This in- 
cludes Waagenoceras dieneri, Medlicottia burckhardti, Gastrioceras roa- 
dense, Agathiceras girtyi.‘°* The large brachiopod fauna includes Pro- 
richthofenia permiana, a more advanced member of the genus than the 
three species in the Leonard formation (Fig. 6 D), various species found 
also in the dark limestone and Capitan limestone of the Guadalupe 
Mountains (Chonetes hillanus, Marginifera popet, Aulosteges guadalup- 
ensis, Pugnoides swallowianus, Spiriferina laxa, Punctospirifer billingsi), 
and various species that R. E. King has identified with those of the Phos- 
phoria formation of the northern Cordilleran province (Linoproductus 
waagenianus, Avonia subhorrida, Waagenoconcha montpelierensis, Leior- 
hynchus weeksi, Composita persinuata).°* R. E. King has noted differ- 
ences between the brachiopods of the lower, the middle, and the upper lime- 
stones of the formation.‘ Many of the dark limestone, the Capitan, 
and the Phosphoria species are restricted to the upper limestone member. 


12 C, O. Dunbar and John Skinner: New fusulinid genera from the Permian of west 
Texas, Am, Jour. Sci., 5th ser., vol. 22 (1930) p. 261-263. Robert Roth: Evidence in- 
dicating the limits of Triassic in Kansas, Oklahoma, and Tezas, Jour. Geol., vol. 40 (1932) 
p. 704. Roth states that “work upon the paleontology and lithology of the Word 
indicates the desirability of placing its base at the base of the sandy conglomeratic facies 
occurring below the Vidrio. This roughly marks the base of Polydierodina and Wuageno- 
ceras.” Dunbar states, however, that in neither the collections of R. E. King nor 
those of Roth, which he has seen, are there any specimens of Polydierodina from 
the Word formation. This fusulinid genus first appears in the Gilliam thin-bedded 
member of the Capitan limestone. The “sandy conglomeratic facies” of Roth is prob- 
ably a pebbly zone, noted also by the writer in the middle of the formation north of 
Leonard Mountain. The layer has no great extent, and Waagenoceras has been found 
below it by R. E. King. 

108 Hmil Bése: The Permo-Carboniferous ammonoids of the Glass Mountains and their 
stratigraphic significance, Univ. Texas Bull. 1762 (1919) p. 17-19. 

1% R,. E. King: Geology of the Glass Mountains, Univ. Texas Bull. 3042 (19381) p. 32. 


1% Op. cit., p. 9, 10. 
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CAPITAN LIMESTONE 


The Word formation is overlain by a thick and complex mass of dolomitic 
limestone, with some interbedded sandy and shaly strata, for which the 
name, Capitan limestone, is used. The beds included in the formation have 
received several local lithologic names, including the Vidrio, the Gilliam, 
and the Tessey formations of Udden 1 and the Altuda member of the 
writer.*°* In 1929 these various units were grouped by R. E. King and 
the writer *°* under the name, Capitan formation.’ The unit appears 
to be of the same general age as the typical Capitan limestone of the 
Guadalupe Mountains; the fauna of the uppermost limestones of the 
Word formation is similar to that of the dark limestone directly beneath 
the Capitan in the Guadalupe Mountains; and all the fossils collected 
from the formation in the Glass Mountains have been found in the type 
Capitan.**® Moreover, the units in the two areas have about the same 
thickness, and in both areas they express the same physical history—the 
culmination of reef development in later Permian time. 

In the northeastern Glass Mountains the Capitan limestone is about 
2800 feet thick and is divided into three members. At the base is the 
Vidrio massive member (a limestone reef), which is followed by the 
Gilliam thin-bedded member and the Tessey massive member. The 
Gilliam member is a tongue of the bedded limestone facies, similar to the 
Hess limestone member of the Leonard formation, and contains inter- 
bedded layers of sandstone and red beds. It changes southwestward into 
massive limestones of the Vidrio member, but its upper contact appears 
to be a single stratigraphic horizon, marked by a persistent bed of sand- 
stone (Fig. 4 A). The Tessey member is a massive or indistinctly bedded 
deposit. 

In the southwestern Glass Mountains the Vidrio member is divided 
into two parts by a tongue of siliceous shale and thin-bedded limestone, 
which forms the Altuda shaly member. The massive dolomitic limestones 


16 J, A. Udden, C. L. Baker, and Emil Bose: op. cit., p. 52; J. A. Udden: Notes on the 
geology of the Glass Mountains, Univ. Texas Bull. 1753 (1917) p. 50-54. 

17 Pp. B. King: The Bissett formation, a new stratigraphic unit in the Permian of west 
Texas, Am. Jour. Sci., 5th ser., vol. 14 (1927) p. 217. 

1068 P, B. King and R. E. King: Stratigraphy of outcropping Carboniferous and Permian 
rocks of trans-Pecos Texas, Am. Assoc. Petrol. Geol., Bull., vol. 18 (1929) p. 920. 

10 At one time the writer tentatively considered using the name, Glass Mountains 
formation, for these strata. This term has, unfortunately, appeared in print in figure 
180 of Moore’s “Historical Geology,” the figure being a preliminary diagram furnished 
to Moore by the writer. The term, Glass Mountains, has been used before also for 
another unit in another area, and as explained in this paper, the term, Capitan, is so 
appropriate for these strata that the introduction of a new term would do nothing but 
create confusion. 

110 These correlations are discussed further in the description of the Delaware and the 
Guadalupe Mountains sections. 
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below the Altuda extend southwestward as a tapering wedge, and serve 
to divide the shaly strata of the Altuda member from those in the upper 
part of the Word formation. The massive dolomitic limestones above the 
Altuda form a prominent limestone reef, and contain thick, irregular 
beds, inclined at an angle of 10° or more, steeper than the beds above or 
below. These extend through 200 or 300 feet of deposits and interfinger 
at their bases with more clastic beds of the Altuda member.’ The lime- 
stone reefs of this part of the Vidrio member extend north-northeast 
across the high ridges on the west side of Gilliland Canyon, in the central 
Glass Mountains. They are flexed down steeply toward the northwest 
(Fig. 7 A). 

The Capitan limestone is separated from the overlying Bissett conglom- 
erate by a well-marked unconformity, expressed not so much by any dif- 
ferences in dip as by the highly conglomeratic character of the latter, and 
by an apparent overlap of the upper formation downward across the lower 
one to the southwest. 

Extensive dolomitization of the rocks in the Capitan limestone has 
caused the fossils to be poorly preserved. The few that have been collected 
suggest differentiation into faunal facies. 

The Altuda shaly member contains numerous brachiopods and bryo- 
zoans, and its fauna is similar to that of the clastic facies in the lower 
formations. R. E. King *** has collected and identified the following brach- 
jiopods from this member in the southwestern Glass Mountains: Avonia 
subhorrida rugulata, Marginifera opima, M. popet, Leptodus nobilis 
americanus, Camarophoria ? indentata, Squamularia guadalupensis ; 
Martinia rhomboidalis, Spiriferina lara, Punctospirifer billingsi, Hustedia 
meekena, and Composita emarginata affinis. Many of these species are 
absent from the lower part of the Permian, but none of them is restricted 
to the Capitan limestone. 

The massive dolomitic limestones of the Vidrio member contain numer- 
ous fossils adapted to reef environment, but most of them have been 
nearly destroyed by dolomitization. Lime-secreting algae (of both mas- 
sive and scale-forming types) are common, as well as cup corals, crinoid 
stems, echinoid spines, and a few brachiopods. 

The Gilliam thin-bedded member contains a great abundance of fusul- 
inids in its western exposures. These belong to the long, slender, highly 


11 P, B. King: Geology of the Glass Mountains, Univ. Texas Bull. 3088 (1931) p. 79, 


fig. 26. 
m2 R. E. King: Geology of the Glass Mountains, Univ. Texas Bull. 3042 (19381) p. 10. 
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specialized genus Polydiexodina,* which is unknown in any strata older 
than the Capitan. One locality in the formation has also yielded a single 
fragmentary specimen of Productus capitanensis. The Tessey massive 
member appears to be nearly barren of fossils; a single locality in the 
member has yielded large numbers of Plewrophorus. 


BISSETT CONGLOMERATE 


The Bissett conglomerate, which crops out along the northwestern 
flanks of the Glass Mountains, was named by the writer *** in 1927 for 
exposures in the vicinity of Bissett Mountain, in the southwestern part 
of the region. It is also well exposed north of the mouth of Hess Canyon, 
where it attains a thickness of 750 feet. The formation is mostly a con- 
glomerate of rounded dolomite fragments, derived from the erosion of 
the beds beneath, and set in a calcareous matrix. There are also some 
interbedded layers of sandstone and limestone and lenticular layers of 
red shale. The Bissett conglomerate is separated by a well-marked un- 
conformity from the overlying Comanche series.1*5 

Thin limestone layers, 590 feet above the base of the formation near 
the mouth of Hess Canyon, contain abundant, poorly preserved fossils. 
These include numerous ostracods of the genus Bairdia, various unidenti- 
fiable specimens of pelecypods and gastropods, and some vertebrate bones, 
one of which E. C. Case has identified tentatively as the horn of a 
Desmatosuchus.® Case considers this to be of Triassic age. The lime- 
stones also contain plant remains, which E. H. Sellards collected exten- 
sively in 1930. David White,’?7 who examined the material, reports that 
it contains several indubitable specimens of Cordaites, as well as some 
which are tentatively referred to Brachyphyllum, Paleotazites, and 
Walchia. These indicate Paleozoic age for the flora. On the other hand, 
the collection contains two specimens of gymnospermous plants of un- 


113 Described by C. O. Dunbar and John Skinner: New fusulinid genera from the Per- 
mian of west Texas, Am. Jour. Sci., 5th ser., vol. 22 (1930) p. 263, 264. Its occurrence 
in the Gilliam is based on identifications by Dunbar of collections by R. E. King. 

u4 Pp, B. King: The Bissett formation, a new stratigraphic unit in the Permian of west 
Tezras, Am. Jour. Sci., 5th ser., vol. 14 (1927) p. 212-221. 

15 Robert Roth (Evidence indicating the limits of Triassic in Kansas, Oklahoma, and 
Texas, Jour. Geol., vol. 40 (1932) p. 701) states that he has examined the formation 
and “believes the beds at the type locality of Bissett Mountain to be of Comanche age.” 
Field evidence obtained by the writer in the region of Bissett Mountain (P. B. King: 
Geology of the Glass Mountains, Univ. Texas Bull. 3038 (1931) p. 85) points clearly to 
an unconformable relation between the formation and the Comanche series. This and 
the fossil evidence obtained in another part of the mountains indicate that a Comanche 
age for the Bissett is improbable. 

ué ®. C. Case: Letter to Sidney Powers (November, 1931). 

117 David White: Memorandum (December, 1930). 
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known species, which are of Mesozoic aspect. Material gathered by Sel- 
lards in 1931, according to White, also contains Cordaites, but some of the 
new material is more of Mesozoic aspect “especially the stem with distant 
cycad-like leaflets.” 

All these fossils came from nearly the same stratum, and the presence 
of beds of several different ages in the formation is out of the question. 
The plant material is best preserved and furnishes the best information. 
In view of the conflicting fossil evidence, the United States Geological 
Survey classifies the formation as Permian (?). 


SEDIMENTATION OF THE PERMIAN SERIES IN THE GLASS MOUNTAINS 


In the Glass Mountains area there was much diastrophism near the 
beginning of Permian time, and Wolfcamp deposition began and closed 
with orogenic movements. The Wolfcamp formation locally contains 
coarse conglomerates, and finer conglomerates extend upward into the 
Leonard. Away from the scene of disturbance, shale and limestone were 
deposited in Wolfcamp time. The deposits were not greatly different from 
those laid down in preceding Pennsylvanian time. 

With the beginning of Leonard time, and continuing through the Capi- 
tan, the sedimentation was different, and was marked by the development 
of limestone reefs and other massive limestone deposits. These separated 
bedded limestones in the northeastern part of the area from siliceous 
shales and other clastic deposits in the southwestern part. The reefs 
of the Leonard formation were small, and probably rose to a height of 
no more than 100 feet.**® Their greatest basinward growth was in earlier 
Leonard time, when they extended along the present strike of the rocks, 
to the southwest end of the mountains. In later Leonard time the reef 
deposits gradually retreated northeastward. In the overlying Word for- 
mation there is little evidence of the existence of true limestone reefs, and 
most of the massive or thick-bedded limestone deposits were sheets of 
considerable lateral extent. In the Word, as in the Leonard, the greatest 
basinward extent of the limestone deposits was at the base, followed by 
a retreat northeastward along the present strike. In the overlying Capi- 
tan, limestone reefs had a great development. The inclined bedding- 
planes in the Vidrio member suggest that the reefs were built up as high 
as 200 or 300 feet above the sea bottom to the southwest. There were two 
times of advance of reef deposits during the Capitan, separated by a time 
when the Altuda shaly deposits were spread widely across the southwest 


us —. K. Sellards: op. cit., p. 155. 
19 P, B. King: Limestone reefs in the Leonard and Hess formations of trans-Pecos 


Texas, Am. Jour. Sci., 5th ser., vol. 24 (1932) p. 352. 
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A. Structural map of the Glass Mountains. 


B. Structural map of the Van Horn district. The pattern of the Cenozoic faults in the 
region is shown; many faults of west-northwest trend are parallel to the reefs, and 
other faults of the same trend show evidence of movement before Cenozoic time. 
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part of the area. During the later time of advance, thick reefs were built 
forward on the surface of the preceding deposits. 

The moderate flexing and faulting, and the northwestward tilting of 
the Permian rocks of the Glass Mountains during Mesozoic and Cenozoic 
time, make it difficult to obtain a three-dimensional picture of the lime- 
stone reefs of the region. They appear, however, to be related to some 
of the structural features of the mountains. Figure 7 A is a map of the 
Glass Mountains, on which the present attitude of the Permian strata is 
represented by structure contours.’*° On the map are shown also, ob- 
served and inferred positions of the limestone reefs of the Leonard and 
the Capitan formations. In the vicinity of Leonard Mountain the lime- 
stone reefs of the Leonard formation appear to have a northeast trend. 
It is possible that, farther in this direction where they lie beneath the 
surface, they are related to a prominent monoclinal flexure which extends 
northeastward from the Word ranch to the northeast end of the moun- 
tains. Those of the Capitan limestone, as observed in the ridges on the 
west side of Gilliland Canyon, have a north-northeast trend, which is 
parallel to a monoclinal flexure, bent down to the west-northwest. It is 
quite possible that these flexures came into existence at the time of deposi- 
tion of the strata. It is true that they are reflected to a certain extent 
in the overlying Comanche series, but it has been shown 22 that they are, 
in considerable part, of pre-Comanche age. 

The Tessey massive member, at the top of the Capitan limestone, is 
possibly a limestone reef similar to the Vidrio, but there is an almost 
complete lack of evident organic remains, so that it may instead be of 
inorganic origin. There is a possibility that it is a calcareous equivalent 
to the Castile gypsum and the Rustler limestone farther north, as the 
Carlsbad limestone of the Guadalupe Mountains may also be in part, but 
evidence for or against such a suggestion is lacking. Permian sedimenta- 
tion in the Glass Mountains was brought to a close by tilting and erosion 
of the Capitan limestone, and the deposition of the Bissett conglomerate 
to the northwest, probably under subaerial conditions, 


SECTIONS IN THE HUECO MOUNTAINS AND RELATED AREAS 
GENERAL FEATURES 


In the western part of trans-Pecos Texas, west of, and outside, the area 
of the Delaware basin, are rocks of entirely different character from those 
in the Glass Mountains, but which the writer believes may contain equiva- 
lent beds. These are called the Hueco limestone in this paper. 


10 Pp, B. King: Geology of the Glass Mountains, Univ. Texas Bull. 3038 (1931) pl. 10. 
121 Op. cit., p. 121, pl. 12. 
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The term, Hueco limestone, was first proposed by Richardson in 1904 *” 
for limestones extensively exposed in the Hueco Mountains and the Diablo 
Plateau. These were recognized by Girty as older than those with Guada- 
lupian fossils to the east 1** and were regarded by him as of Pennsylvanian 
age. Subsequent work by Beede *** indicated that the rocks originally 
mapped as Hueco actually included three divisions, of different ages. The 
lower two are not widely exposed and had not hitherto yielded abundant 
fossils. The lowest division, the Helms formation, contains fossils of upper 
Mississippian age, and the middle, the Magdalena limestone, contains 
fossils of Pennsylvanian age, like those in the group of that name in New 
Mexico. The upper division, as first noted by Beede, rests with marked 
unconformity on the Magdalena limestone, and contains the fossils of the 
Hueco fauna as originally described by Girty.’* Following the suggestion 
of Keyte,’** the name, Hueco limestone, is here restricted to the beds of 
the upper division. 


HUECO MOUNTAINS SECTION 


Hueco limestone, as now defined, forms the capping stratum of the 
Hueco Mountains and dips gently eastward beneath the Diablo Plateau. 
It also crops out in foothills west of the Hueco Mountains. 

In the vicinity of Powwow Canyon (which is traversed by the El Paso- 
Carlsbad highway) the Hueco limestone rests on the upper part of the 
Magdalena limestone, but, as shown in Figure 3 A, even within short dis- 
tances at this locality, the strata above the unconformity overlap onto older 
strata. At the northeast end of the section of Figure 2 D, which lies farther 
south, some strata of Pennsylvanian age are still preserved beneath the un- 
conformity, but at the southwest end of the section, in isolated hills at the 
south end of the Hueco Mountains, the Hueco limestone rests directly on 
limestones of Upper Ordovician age. In the intervening exposures (not 
shown on the section) the upper strata are found in contact with strata 


12G, B. Richardson: Report of a reconnaissance in trans-Pecos Texas north of the 
Tezas and Pacific Railway, Univ. Texas Mineral Survey, Bull. 9 (1904) p. 32-38. 

123G, H. Girty : The Guadalupian fauna, U. S. Geol. Survey, Prof. Pap. 58 (1908) p. 11. 

1% J. W. Beede: Notes on the geology and oil possibilities of the northern Diablo Pla- 
teau in Teras, Univ. Texas Bull. 1852 (1920) p. 6-22. 

13 G. B. Richardson: Report of reconnaissance in trans-Pecos Texas north of the Texas 
and Pacific Railway, Univ. Texas Mineral Survey, Bull. 9 (1904) p. 33-34. 

126 Called the Manzano group by Beede and the Gym formation by R. E. King and the 
writer (J. W. Beede: Notes on the geology and oil possibilities of the northern Diablo 
Plateau in Texas, Univ. Texas Bull. 1852 (1920) p. 15; P. B. King and R. E. King: 
Stratigraphy of outcropping Carboniferous and Permian rocks of trans-Pecos Texas, Am. 
Assoc. Petrol. Geol., Bull., vol. 138 (1929) p. 922; R. E. King: Geology of the Glass Moun- 
tains, Univ. Texas, Bull. 3042 (1931) p. 16. Both these proposals involve the introduc- 
tion of names from other areas, whose equivalency is not clearly established, and which 
do not well express the local facies. 
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of Mississippian and Silurian age. In most places, limestones of the 
Hueco formation lie directly on the eroded surface of the older rocks, but 
locally, near Powwow Canyon, the basal beds are limestone conglomerates 
and red shales, here named the Powwow conglomerate member of the 
Hueco limestone.**” 

* Sections measured on the west-facing scarp of the Hueco Mountains (of 
which the best is in Hueco Canyon) show a thickness of about 1600 feet of 
Hueco limestone above the Magdalena limestone. The rocks consist of 
thick- to thin-bedded gray limestones, for the most part nondolomitic and 
only sparingly cherty. R. E. King *** and the writer have divided the 
limestone into three members. The lower and the upper members, 500 and 
800 feet thick respectively, are generally thick-bedded, but the middle one, 
250 feet thick, is dark gray and thin-bedded. The middle and the upper 
members contain a few lenticular layers of fossiliferous buff marl. These 
lithologic distinctions appear to have only local significance, but they are 
also reflected by slight differences in the fauna. Near Cerro Alto, and for 
several miles to the southeast, there are exposures in the upper member of 
a bed of dark-red shale, 200 feet in thickness. This is termed the Deer 
Mountain red shale member,'*® from exposures on the mountain of that 
name four miles southeast of Cerro Alto. 

The fossils in the Hueco limestone of the Hueco Mountains are a part 
of the Hueco (or Hueconian) fauna of Girty. This fauna is notable, not 
only for the species represented, but also for the relative abundance of the 
various groups of fossils. No large fusulinids are known, except in the 
lower beds, and no ammonoids. Bryozoans are uncommon, except in a few 
layers. Many beds contain nothing except minute tests of a foraminifer 
like Staffella, or the separated spines and plates of Echinocrinus. Gastro- 
pods and pelecypods are abundant. Brachiopods are found in great num- 
bers in places, but include only a few species. Most of the striking Guada- 
lupian types found in the Glass and the Guadalupe mountains, such as 
Prorichthofenia and Leptodus, are absent. Girty ‘*° notes that “there is 


127 J. W. Beede: Notes on the geology and oil possibilities of the northern Diablo Pla- 
teau in Texas, Univ. Texas Bull. 1852 (1920) p. 14; P. B. King and R. E. King: Stratig- 
raphy of outcropping Carboniferous and Permian rocks of trans-Pecos Teras, Am. Assoc. 
Petrol. Geol., Bull., vol. 13 (1929) p. 911, 913. The conglomerate was first recognized by 
Beede, and was correctly placed above the unconformity. The name was first used by 
King and King, but the bed was erroneously considered to lie in the Magdalena limestone, 
beneath the unconformity. 

18R. E. King: Geology of the Glass Mountains, Univ. Texas Bull. 3042 (1931) p. 16. 

19 Pp, B. King and R. E. King: Stratigraphy of outcropping Carboniferous and Permian 
rocks of trans-Pecos Texas, Am. Assoc. Petrol. Geol., Bull., vol. 13 (1929) p. 925. 

10 G. H. Girty : The Guadalupian fauna, U. S. Geol. Survey, Prof. Pap. 58 (1908) p. 50. 
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evidence for believing that the Hueconian is a red-beds fauna, in spite of 
the different lithology of the type section.” 

In the Hueco Mountains the lower member of the Hueco limestone con- 
tains various species of Schwagerina and Pseudofusulina (S. fusulinotdes, 
S. uddeni, and P. huecoensis),'** as well as a few corals and bryozoans. 
Among the brachiopods, R. E. King **? has identified Enteletes dumblei, 
Productus wolfcampensis, Productus hessensis, Linoproductus cora, and 
Composita subtilita, as well as four species which he considers to be iden- 
tical with species in the Carboniferous of Bolivia (Buztonia peruviana, 
Avonia boulei, Margintfera capaci, and Spirifer condor) .1* 

The middle limestone member is characterized particularly by numerous 
gastropods (Omphalotrochus, Bellerophon, Trachydomia),'** and pele- 
cypods (Myalina and others). None of these has received detailed study, 
but Beede 7*° has noted the similarity of the gastropods to those of the 
Wolfcamp formation of the Glass Mountains and to those of the Wichita 
group of central Texas. According to R. E. King,’** the brachiopods in- 
clude Meekella mexicana, Marginifera cristobalensis, and three species of 
Bolivian affinity, Derbya buchi, Productus inca (abundant), and Linopro- 
ductus villiersi. 

In the upper limestone member, gastropods decrease in abundance, and 
no fusulinids are known. The fauna locally includes bryozoans **’ and 
many brachiopods, including Streptorhynchus pygmaeum, Avonia sub- 
horrida rugulata, Marginifera ? whiteit, Rhynchopora taylori, and Hus- 
tedia huecoensis, By far the most abundant species are Pugnotdes texanus 
and Composita mexicana, which occur together in great numbers in certain 
layers. 


131 J, W. Beede and H. T. Knicker: op. cit., p. 52-55. 

122 R, E. King: Geology of the Glass Mountains, Univ. Texas Bull. 3042 (1931) p. 16. 

133 DPD, K. Greger: Spirifer organensis Shumard, Am. Midland Naturalist, vol. 13 (1932) 
p. 180-132 ; E. W. Berry : Carboniferous plants in the marine section of Bolivia, Am. Jour. 
Sci., 5th ser., vol. 25 (1933) p. 49-50. The Bolivian affinities of the species cited as 
Spirifer condor have also been noted by Greger. Berry has recently brought forth plant 
evidence to suggest that the Bolivian Carboniferous is “late Westphalian or early 
Stephanian” (upper Pennsylvanian) in age. 

1% G, B. Richardson: Report of a reconnaissance in trans-Pecos Texas north of the 
Texas and Pacific Railway, Univ. Texas Mineral Survey, Bull. 9 (1904) p. 34. Locality 
“immediately south of Cerro Alto”; identifications by G. H. Girty. Girty’s fossil lists 
from the northern Hueco Mountains, although the identifications were provisional, give a 
good idea of the character of the Hueco fauna. 

185 J, W. Beede: Notes on the geology and oil possibilities of the northern Diablo Pla- 
teau in Tears, Univ. Texas Bull. 1852 (1920) p. 32. 

136 R. E. King: Geology of the Glass Mountains, Univ. Texas Bull. 3042 (1931) p. 16. 

137G. B. Richardson: Report of a reconnaissance in trans-Pecos Texas north of the 
Texas and Pacific Railway, Univ. Texas Mineral Survey, Bull. 9 (1904) p. 34. Collection 
from “flat-topped bill about 5 miles southeast of Cerro Alto” (probably Deer Mountain). 
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HUECO LIMESTONE IN THE DIABLO PLATEAU 


The Hueco limestone dips gently eastward from the Hueco Mountains, 
beneath the Diablo Plateau. In the north and northeast parts of the pla- 
teau the upper beds of the formation are the surface rocks over wide areas, 
and they apparently extend unbroken into the Sierra Diablo on the south- 
east. Lower beds come to the surface in the laccolithic uplifts of Sierra 
Tinaja Pinta and Sierra Prieta,’** where fossils like those in the Hueco 
Mountains have been collected,**® but the base is nowhere exposed. 

About 35 miles north of the town of Sierra Blanca, near the center of 
the plateau, some hills of red rhyolite porphyry rise from the alluvium, 
with exposures, at several miles distance, of Hueco limestone and lime- 
stones of Comanche age. The rhyolite porphyry is unlike the phonolite 
and trachyte intrusives of Cenozoic age in the vicinity, and as it resembles 
boulders in the Van Horn sandstone (Cambrian) of the Van Horn district 
and the rhyolite flows underlying the Cambrian in the Franklin Moun- 
tains, it is considered by Darton and the writer to be of pre-Cambrian age. 
It is possible that the hills are similar in structure to the Pedernal Hills of 
central New Mexico, and are either the projecting summit of a monadnock 
or the crest of an uplift raised during mid-Carboniferous time. 


HUECO LIMESTONE IN THE VAN HORN DISTRICT 


In certain areas west and south of Van Horn are limestones similar to 
the Hueco limestone of the Hueco Mountains, and with similar fossils 
(Fig. 12). They crop out in the Wylie and the Carrizo mountains, where 
they have been described by Richardson,’*° and in the Eagle and the Van 
Horn mountains, where they have been described by Baker.’** In all these 
districts the rocks lie with marked unconformity either on the pre-Cam- 
brian schists and sedimentary rocks or on the oldest Paleozoic. 

The thickest section is found in the Wylie Mountains, southeast of Van 
Horn, where 1600 feet of beds are exposed (section 11 and 11a, Fig. 12 A). 
These overlie pre-Cambrian schists at the west end of the range. In the 
lower thin- to thick-bedded limestones occur Syringopora, minute fora- 
minifera (Staffella?), Echinocrinus, Productus hessensis, Composita sub- 
tilita, Soleniscus, Bellerophon, Omphalotrochus, and others. Higher up 


18 N. H. Darton and P. B. King: op. cit., fig. 19. 

139 G. B. Richardson: op. cit., p. 35. 

140 G, B. Richardson: U. S. Geol. Survey, geol. atlas, Van Horn folio, no. 194 (1914) 
p. 5. 
11 C, L. Baker: Exploratory geology of a part of southwestern trans-Pecos Texas, Univ. 
Texas Bull. 2745 (1927) p. 9-10. 
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are found Schwagerina, Productus inca, and Productus wesi?.14? The 
uppermost beds, which are white dolomites on the east flank of the range, 
contain Lophophyllum, Meekella, Productus, Camarophoria, Spirifer cf. 
pseudocameratus, Composita, Bellerophon, Euomphalus, and others.’* 
Mohr “* reports that he has collected Polydiexodina from these beds, and 
if this is true, they are of much younger age than the Hueco limestone. 

Farther north, limestones and interbedded marls form the cap of Three 
Mile Mountain, northwest of Van Horn (section 13, Fig. 12 A), and the 
buttes north of Eagle Flat section house, between Van Horn and Sierra 
Blanca (sections 17-20, Fig. 12 B). These contain pelecypods, gastropods, 
and brachiopods like those in the Hueco limestone. 


RELATIONS OF HUECO LIMESTONE TO OTHER STRATA 


In southwestern New Mexico and southern Arizona, strata similar to 
the Hueco limestone have a wide distribution. They are relatively little 
known and are generally mapped with the Magdalena or the Naco lime- 
stones. Near Deming, New Mexico, Darton *** has described the Gym 
limestone, the fauna in which is like that in the Hueco limestone, and 
which rests unconformably on the Magdalena group and older strata. In 
southern Arizona the upper part of the Naco limestone is known to contain 
strata of Permian age, and many of the brachiopods in this part are iden- 
tical with those in the Hueco limestone.** 

North of the Texas-New Mexico boundary, in the hills between the 
Hueco and the Sacramento mountains, the Hueco limestone changes grad- 
ually into sandstones, red beds, gypsums, and interbedded limestones of 
the Manzano group.’*7 The Deer Mountain red shale member, and some 
gypsum layers interbedded in the Hueco limestones farther east, give evi- 
dence of the beginning of this change on the Texas side of the boundary. 
Abo sandstone, the basal unit of the Manzano group, thins southward in 
New Mexico and disappears about ten miles north of the Texas line. It 


142 Compiled from—R. E. King: Geology of the Glass Mountains, Univ. Texas Bull. 3042 
(1931) p. 17 and elsewhere; G. H. Girty in G. B. Richardson: U. S. Geol. Survey, Geol. 
Atlas, Van Horn folio, no. 194 (1914) p. 5 (collection from “western base of Wylie 
Mountains”); C. L. Baker: Exploratory geology of a part of southwestern trans-Pecos 
Texas, Univ. Texas Bull. 2745 (1927) p. 10. The Schwagerina was identified by C. O. 
Dunbar. 

148 Compiled from—C. L. Baker: op. cit.; G. H. Girty : op. cit. (collection from “eastern 
base of Wylie Mountains”). 

144C, L. Mohr: personal communication (July, 1933). 

“45.N. H. Darton: op. cit., p. 20-27. 

“eR. E. King: Geology of the Glass Mountains, Univ. Texas Bull. 3042 (1921) p. 25. 

47 N. H. Darton: op. cit., p. 219-220; W. G. Blanchard and M. J. Davis: Permian stra- 
tigraphy and structure of parts of southeastern New Mevico and southwestern Teras, Am. 
Assoc. Petrol. Geol., Bull., vol. 13 (1929) p. 967-968. 
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probably passes out by overlap against the Magdalena group, which lies 
unconformably beneath. Girty reports that he has found the Hueco fauna 
above the Abo sandstone in the southern Sacramento Mountains. The Abo 
sandstone in these mountains in places contains a Walchia flora, and in 
others, brachiopods of Cisco type *** and ammonoids that have been com- 
pared to those in the lower part of the Cisco group in central Texas.1*® 


SEDIMENTATION IN THE HUECO MOUNTAINS AND THE DIABLO PLATEAU 


In western trans-Pecos Texas the Hueco limestone forms a blanket of 
wide extent, spread over the eroded surface of the Magdalena limestone 
and older rocks. Subdivisions can be distinguished in places in the lime- 
stones, but, on the whole, the deposit was remarkably uniform. Lime- 
stones similar to the Hueco extend westward into southern New Mexico 
and Arizona, but northward they interfinger abruptly with the red beds 
of the Manzano group, parts of which are of nonmarine origin. 


CORRELATION OF HUECO LIMESTONE WITH THE GLASS MOUNTAINS 
SECTION 

Fossils of the Hueco limestone in the Hueco Mountains and elsewhere 
are, in general, different from those of the Glass and the Guadalupe moun- 
tains. Pelecypods and gastropods are more abundant, and the brachiopods 
lack such Guadalupian types as Prorichthofenia and Leptodus. Neverthe- 
less, there are certain resemblances between the faunas, notably in the 
brachiopods and the fusulinids. 

In Plate 104 the brachiopods collected by R. E. King in the three mem- 
bers of the Hueco limestone in the Hueco Mountains are listed, and their 
known stratigraphic range in the Glass Mountains is shown. This chart, 
and those which have been prepared for the Sierra Diablo and the Guada- 
lupe mountains section (Pls. 105 and 106), are intended to show graphi- 
cally the similarities and the differences between the brachiopod faunas of 
these areas and those of the Glass Mountains. It is true that such an em- 
pirical representation is not positive evidence for a correlation of the beds, 
for it does not take into account the personal judgment of the paleontol- 
ogist, possible deficiencies in collecting, and the possibly confirmatory or 
contradictory evidence of other groups of fossils. The charts do show, 
however, that fossils of various zones tend to be concentrated in certain 
formations in the Glass Mountains, and thus suggest the possibility of cer- 
tain correlations. 


48 David White and G. H. Girty : personal communications (1933). 
49 A, K. Miller: A Pennsylvanian cephalopod fauna from south-central New Mezico, 
Jour. Pal., vol. 6 (1932) p. 383-412. 
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As shown in Plate 104, three species of Pennsylvanian brachiopods 
(Linoproductus cora, Hustedia mormoni, and Composita subtilita) are 
found in the Hueco limestone, but these are long-ranging species and extend 
also into the Wolfcamp, or even the Leonard formation, of the Glass Moun- 
tains. Four of the other species identified by R. E. King in the Hueco lime- 
stone have not been found by him in the Glass Mountains (Productus dar- 
toni, P. inca, Buxtonia peruviana, and Hustedia huecoensis). The other 
nineteen species identified by R. E. King are all found in either the Wolf- 
camp or the Leonard formations in the Glass Mountains. In general, more 
species characteristic of the Wolfcamp formation are found in the lower 
part of the section, where they are associated with Schwagerina and Pseudo- 
fusulina, and more species characteristic of the Leonard are found in the 
upper part. 

It is Girty’s opinion **° that the Hueco fauna, although younger than 
the Magdalena fauna, is so different from that of the Guadalupian that 
if the latter is Permian the Hueco can hardly be so classified. The lower 
part of the formation contains brachiopods like those of the Wolfcamp for- 
mation in the Glass Mountains (Pl. 104) and fusulinids like those in beds 
classified either as highest Pennsylvanian or lowest Permian in other re- 
gions (Pl. 103) ; it rests unconformably on the Magdalena limestone, the 
fossils of which are like those of the upper part of the Gaptank formation 
in the Glass Mountains and of the Pennsylvanian in Kansas. The Hueco 
limestone thus appears to be one of the formations, described on an earlier 
page, that are transitional from Pennsylvanian to Permian. Whether the 
upper part of the Hueco extends as high as such typically Permian forma- 
tions as the Leonard and the Bone Spring to the east is open to question. 
In the writer’s opinion the brachiopods of the upper part offer some sug- 
gestion that it does (Pl. 104), and field evidence will be presented that 
suggests a physical connection (p. 758). Further work is needed to 
settle these problems, and for the present the United States Geological 
Survey classifies the Hueco limestone as Permian (?). 


SIERRA DIABLO SECTION 
GENERAL FEATURES 


In the Van Horn region, Permian rocks, with some strata doubtfully of 
Permian age at the base, reach a thickness of as much as 3000 feet, and rest 
unconformably on the older strata. These were laid down on the west 
side of the Delaware basin. The most prominent exposures are in the 
Sierra Diablo, a high projecting angle of the Diablo Plateau, which domi- 


189 G. H. Girty : The Guadalupian fauna, U.S. Geol. Survey, Prof. Pap. 58 (1908) p. 48. 


if = 

— 

: 

= 
a 

: 

j 

4 


snuexey sapiougng| o 8 
+7 eluony | = 
2 eueianied 2 SISUaSSAY 
9 euesixaw « | 
8 | Sisuadnjepend | | 
2 
8409 | w | O 5 
1 ekquea| B | a 
2 euedixew | ayy 8 
snyonpoig 22 | | => 
x= 
9 2 
9 Snuexe} sepjoubng| a 
| 1uoq4ep winaew Bld snyoukys0) 
Sse/g BUI pa7zs0das Uaad Sey // 
‘SW Ul Oo = Oo 38 o2any us Suiy Aq pazs0das 
q qou Ss ts $3/2//@20/ 40 4aquUINU 
; a < Z< < -w ewev [18804 
| SSVID NI SNOILVNYOS (Vv) 


: 
ip 
© 


spodoiyses ‘wala pug 


9 

9 

{ Sisuaozany 

§ Jassids 

Z 

| snuexey sapiougng 

Z 

+7 

€ @409 snyonpoudouly 

2 
9 

2 ¥ SIsuaodany 
sisuassay snzonpoig 

€ siuoquini| 

id 21431904740 


BRACHIOPOD SPECIES 


LOWER MEMBER 
mountain areas of trans-Pecos Texas of brachiopod species which have 


euesixa, 

Sisuadnjepend e1jacooquiy 
#7 Sapiougng 

47 

eAqusg 


O LIMESTONE 


DLE MEMBER 


— 


VOL. 45, 1934, PL. 104 


9 
| Sisuaozany sasisids 
Jaslsids 

lojap 

} snuexa, sapiousng 

2 

4 
Z sisuassay snzyInpoig 


9 


JOU ‘anoge pue 


+ 

eueiansad ejuozxng 

€ @402 

sisuedwiessjom snyonpoidg 
9 
€ sNzoNpoJg 

€ Siuoquini| 

2 laiquinp 

| 1491304740 


sisuadnjepen’ 
snuexe] Saplousgng 


| 
4 P4092 

2 

| laiquinp 


9 snuexs? sepiouBnd 

€ eIPa}SNH 

| esodoysukuy 

| 

1 eplusoygns 
€ Boul 

| 


‘sule 

pazs0das sey 
JISSOf 
-20/ 4aqguINU 
//SSOf 


Puno} UsAaq JOU aAeYy Y2I4UM 
sUIeWUNOW 
Uaaq aney YdIUM 
spodoiyoeiq jo Saideds 


9 Querixaw 

¢ 

Z 

{ 

2 euerixaw 

winaewBAd 


Zz 

z 

w 
< fe} < 
sey 
$* a 
SNOLS3SWIN SNI¥dS 3NOG 


4O 4aguUINU 


e449IG U! PuNnoy OSje 
pue 
029N} Ul Useq 
spodoiyseiq yo Saizads 


(d) 


=| w 
2/2 
«|O 
Sin 
uJ 
2 
Jj 
aa 
x 
ul $4aq 
pug 
suo! 


a 


Q 


ecies which have been collected in Hueco limestone of Hueco Mountains. 


: é 
| 
| 
a 
: 
5 
el 


SIERRA DIABLO SECTION 749 


nates the west side of the Salt Basin north of Van Horn. Rocks of Per- 
mian age extend nearly, if not quite, to the mountain bases in the north, 
whereas to the south the underlying strata of early Paleozoic and pre-Cam- 
brian age rise to considerable height on the faces of the escarpments. Sim- 
ilar rocks are found in the Baylor Mountains, a lower fault block to the 
southeast (Fig. 8).** 

Rocks above the unconformity in the Sierra Diablo were mapped as 
Hueco limestone by Richardson, but the fossils identified for him by Girty 
closely resembled those of the Hueco only in the lower beds. Subsequent 
collecting *** by Girty, Beede, Keyte, and R. E. King has shown that, in a 
large part of the section, faunas of Guadalupian type prevail, and that this 
part is clearly of Permian age. The main mass of the strata in the Sierra 
Diablo is assigned to the Bone Spring limestone whose type locality is in 
the Guadalupe Mountains to the northeast. Beneath it in places are some 
basal beds, the age of which is not definitely established. Overlying the 
Bone Spring are several hundred feet of strata, remnants of the Delaware 
Mountain formation (restricted). 

Basal beds of the Sierra Diablo section and (where these are absent) the 
Bone Spring limestone overlie the eroded surfaces of all the older rocks 
of the region.'** In the southern part of the Sierra Diablo they overlie 
pre-Cambrian rocks. Toward the northeast, in the Baylor Mountains, va- 
rious Paleozoic strata, as young as the Devonian(?), appear beneath the 
unconformity (Fig. 2 C).*** In these mountains the floor on which the 
upper strata were laid down was rugged, and abrupt hills of the older rocks 
project for several hundred feet into the younger strata (Fig. 3B). In 
the northern Sierra Diablo not only are older Paleozoic strata present 
beneath the unconformity, but also shales of early Pennsylvanian age and 
limestones of the lower part of the Magdalena formation.*** These strata 


131 The general relations are well described by G. B. Richardson: U. S. Geol. Survey, 
Geol. Atlas, Van Horn folio, no. 194 (1914) ; some additional information is given by 
N. H. Darton and P. B. King: Western Texas and Carlsbad caverns, XVI Internat. Geol. 
Cong., Guidebook 13 (1933) p. 19-27. 

153 J, W. Beede: Notes on the geology and oil possibilities of the northern Diablo Pla- 
teau in Texas, Univ. Texas Bull. 1852 (1920) p. 24; I. A. Keyte: Correlation of Pennsyl- 
vanian-Permian of Glass Mountains and Delaware Mountains, Am. Assoc. Petrol. Geol., 
Bull., vol. 18 (1929) p. 904; P. B. King and R. E. King: Stratigraphy of outcropping 
Carboniferous and Permian rocks of trans-Pecos Texas, Am. Assoc. Petrol. Geol., Bull., 
vol. 18 (1929) p. 922; R. E. King: Geology of the Glass Mountains, Univ. Texas Bull. 
3042 (1931) p. 14-15. 

188 G. B. Richardson: U. S. Geol. Survey, Geol. Atlas, Van Horn folio, no. 194 (1914) 
p. 5. 

14 N, H. Darton and P. B. King: op. cit., p. 24. 

15M. B. Arick: Occurrence of strata of Bend age in Sierra Diablo, Texas, Am. Assoc. 
Petrol. Geol., Bull., vol. 16 (1932) p. 484-486; P. B. King and R. E. King: Stratigraphy 
of outcropping Carboniferous and Permian rocks of trans-Pecos Texas, Am. Assoc. Petrol. 
Geol., Bull., vol. 13 (1929) p. 911. 
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of Pennsylvanian age crop out low on the escarpment in this region. Their 
inclined ledges are visible just to the south of Marble Canyon in Figure 
9C. (For location see Fig. 8). 


BASAL BEDS 


Above the unconformity in the Sierra Diablo there are locally several 
hundred feet of buff and red shales and sandstones, interbedded with con- 
glomerate in the lower part, and with thin beds of fossiliferous limestone 
above.*** These are well exposed near the base of the Sierra Diablo escarp- 
ment at Marble Canyon (for location see Fig. 8), where they rest on tilted 
Magdalena limestone (sections 8, Fig. 5 B), and at the eastern base of 
Victorio Peak (section 9, Figs. 5 B and 12 B), but they are absent in some 
other parts of the region (section 10, Figs. 5 B and 12 A). 

Classification of these basal beds is somewhat in doubt, and for the pres- 
ent they are not definitely assigned to any formation. Their fauna is 
clearly older than that of the Bone Spring limestone and is not of Guada- 
lupian character, so that they may be of the same general age as the beds 
discussed above, which are transitional from Pennsylvanian to Permian. 
Both Girty and J. B. Knight have noted that the fauna has a close resem- 
blance to that in parts of the Hueco limestone, and R. E. King has observed 
a resemblance to the fauna of the Wolfcamp formation. King 1*" has iden- 
tified a few species of brachiopods from collections made near Marble 
Canyon and Victorio Peak: Orthotichia kozlowsku, Isogramma mille- 
punctata, Productus dartoni, Productus wolfcampensis, Linoproductus 
cora, and Composita subtilita angusta. Girty *** has also noted the occur- 
rence of Schwagerina and other fusulinids, as well as Echinocrinus, Pleu- 
rotomaria, Soleniscus, and Omphalotrochus in the beds near Marble 
Canyon. C. 0. Dunbar has recently identified from this zone: Schwage- 
rina uddeni, Schwagerina cf. fusulinoides, Pseudofusulina huecoensis, and 


Fusiella sp. 
BONE SPRING LIMESTONE 


The greater part of the Permian series in the Sierra Diablo is a complex 
mass of limestone, some 2000 feet thick, which is here called the Bone 
Spring limestone. Its beds stand out in prominent escarpments, some of 


156 Called upper Wolfcamp formation by R. E. King: Geology of the Glass Mountains, 
Univ. Texas Bull. 3042 (1931) p. 14. Under the heading, Magdalena group, E. H. Sel- 
lards (op. cit., p. 117) describes variegated sandstones and shales near Marble Canyon. 
The reference is probably to these beds, which actually rest unconformably on the 
Magdalena. 

187 R, E. King: Geology of the Glass Mountains, Univ. Texas Bull. 3042 (1931) p. 14. 

18 G, H. Girty in G. B. Richardson: U. S. Geol. Survey, Geol. Atlas, Van Horn folio, 
no. 194 (1914) p. 5. 
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SIERRA DIABLO SECTION 753 


the features of which are shown in Figure 10. In parts of the area the for- 
mation is divisible into a number of members, but as shown in Figure 5 B, 
these are only the local phase of a complex interfingering of facies. 

In the northern Sierra Diablo (as at Victorio Peak in Fig. 9 A and 
south of Marble Canyon in Fig. 9 C) the outer benches at the base of the 
escarpment are separated from the massive cliffs at the top of the moun- 
tains by a prominent slope-making member. This three-fold subdivision 
is the result of differences in the character of the Bone Spring limestones. 
The outer benches consist of thin-bedded dolomitic limestones with many 
fusulinids, which reach a thickness of about 500 feet.*® The overlying 
slope-making member consists of dense, thin-bedded black limestone, inter- 
bedded with siliceous shales and thin beds of granular fossiliferous lime- 
stone. The cliffs at the top of the mountains are thick-bedded or mas- 
sive light-gray limestones, which are here termed the Victorio Peak 
massive member of the Bone Spring limestone.?* 

The thin-bedded dolomitic limestones of the lower member of the Bone 
Spring crop out along the base of the Sierra Diablo escarpment at Apache 
Canyon (Figs. 9 B and 10 B), Marble Canyon (Fig. 9 C), Victorio Peak 
(Figs. 9 A and 10 A), and in intervening areas. Toward the east the 
thin-bedded limestones are replaced by massive reef limestones, black 
limestones, and siliceous shales, which extend down nearly to the uncon- 
formity at the base of the section (sections 9 and 10, Figs. 5 B and 12). 
The transition from one facies to the other in these lower beds is well 
shown in the northeastern Baylor Mountains (Fig. 10 C). 

The black limestones in the middle of the formation are prominently 
developed near Victorio Peak (Fig. 9 A), the region south of Marble 
Canyon (left-hand end of Fig. 9 C), and the lower end of Apache Canyon 
(Fig. 9 B). Southwestward up this canyon the black limestones inter- 
finger abruptly with massive reef limestones (Figs. 9 B and 10 B). The 
transition is also exposed in ridges southeast of the canyon (Figs. 11 A 
and B) and north of Marble Canyon, where they crop out on the escarp- 


1899 P, B. King and R. E. King: Stratigraphy of outcropping Carboniferous and Permian 
rocks of trans-Pecos Texas, Bull., Am. Assoc. Petrol. Geol., vol. 18 (1929) p. 907-926. 
Called Hess formation by King and King. It has a close lithologic resemblance to the 
Hess thin-bedded limestone member of the Leonard formation in the Glass Mountains. 

16 Called Bone Canyon member of Leonard formation by P. B. King and R. E. King 
(op. cit.). 

161 The name was first proposed by P. B. King and R. E. King (op. cit.), and the beds 
were considered a member of the Leonard formation. Named for Victorio Peak, a promi- 
nent point on the Sierra Diablo escarpment, 20 miles north of Van Horn. The name is 
incorrectly spelled Victoria Peak on the Van Horn topographic sheet. It is named for 
Victorio, chief of the Mescalero Apaches, members of whose band were defeated near 
the spot in 1881, in a battle with Texas Rangers. 
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ment at the edge of the mountains (left-hand end of Fig. 9 C). At 
Marble Canyon the edge of the reef limestones bends southwestward and 
disappears beneath the beds that cap the Sierra Diablo; a southward 
interfingering of reef limestones with black limestones is visible on the 
escarpment. Reef limestones appear again farther south, near Victorio 
Peak. South of the peak, lenses of massive limestone interfinger with 
the black limestone. The lenses lie on the edge of a prominent mono- 
clinal flexure, by which the dolomitic limestones of the lower member of 
the Bone Spring are raised to the south (Figs. 9 A and 10 A). In both 
Apache Canyon and the canyons southwest of Victorio Peak the massive 
limestones are replaced in turn by thin-bedded dolomitic limestones like 
those of the lower member of the formation. The black limestones of 
the middle member are similar in character to the main mass of the Bone 
Spring limestone in the Guadalupe Mountains, and are a southwestward 
extending tongue that interfingers with limestones of other types. 

The limestones of the overlying Victorio Peak massive member stand 
in great cliffs at the crest of the Sierra Diablo escarpment and form the 
back slope of the northern part of the range. They are in places irreg- 
ularly bedded and dip at low angles in different directions, but over wide 
areas the bedding-planes are nearly horizontal. The member is appar- 
ently replaced northeastward by black limestones, for a transition from 
the lower part of the gray limestone into the upper part of the black 
limestone may be observed at many places on the Sierra Diablo escarpment. 

The Bone Spring limestone in the Sierra Diablo contains fossils of 
Guadalupian type, like those in the lower part of the sections in the Glass 
and the Guadalupe mountains. The most abundant fossils are found a 
short distance above the lower member, in granular limestones interbedded 
in the black limestone member (zone B, Fig. 5 B and Pl. 105). Other 
collections have been made from higher beds in the black limestones, near 
the margins of the limestone reefs (zone C), and from the Victorio Peak 
massive member at the top (zone D). In most places the lower dolo- 
mitic member is barren of fossils, but in the Baylor Mountains, where it 
is replaced by reef limestone and black limestone, such fossils as Prorich- 
thofenia and Leptodus extend to within a short distance of the base of the 
Bone Spring limestone (zone A). 

The thin-bedded limestones and some of the massive limestones of the 
Bone Spring contain numerous fusulinids, but these have not yet been 
studied. At several localities, J. B. Knight has collected a rich molluscan 
fauna from granular limestones interbedded in the black limestones. 
This includes chitons, pteropods, orthoceratoids, coiled nautiloids, numer- 
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ous pelecypods (Leda, Astartella), and numerous gastropods (Pleuroto- 
maria, Bellerophon, Zygopleura). Only a few specimens of ammonoids 
have been collected. The reef limestones in the Bone Spring contain 
numerous fossils adapted to that environment. In some places they are 
crowded with the remains of bryozoans; in others, crinoid stems make up 
a large part of the rock. In association with these are massive algae, 
sponges, and various thick-shelled brachiopods. 

In Plate 105 the brachiopods collected by R. E. King are listed. These 
have been arranged by the writer in four zones, according to their position 
in the section, but in general the only changes in the fossils of the forma- 
tion, from base to top, are the result of differences in lithology rather 
than in stratigraphic position. The formation contains such long-rang- 
ing fossils of Guadalupian type as Leptodus nobilis americanus, Camaro- 
phoria venusta, Squamularia guadalupensis, and Hustedia meekana. The 
brachiopod, Productus ivesi, is found at numerous horizons, in places as- 
sociated with Marginifera cristobalensis and M. manzanica. The forma- 
tion also contains Prorichthofenia likharewi and P. uddeni, and in the 
lower part, the more primitive species Prorichthofenia teguliferoides. In 
the lower part are a few species characteristic of the Hueco limestone 
(Enteletes dumblei, Avonia boulei, and Buaxtonia peruviana). The 
brachiopods of the Victorio Peak member include Productus iwesi, P. 
occidentalis, Waagenoconcha montpelierensis, Spirifer pseudocameratus, 
and Squamularia guadalupensis. This fauna appears to have been 
adapted to an environment of massive limestone deposition, and Girty 1°? 
has noted its resemblance to that of the Capitan limestone, thus recogniz- 
ing the similarity of the facies, despite the difference in stratigraphic 
position. 

DELAWARE MOUNTAIN FORMATION (RESTRICTED) 


At the northwest end of the Sierra Diablo the Victorio Peak member 
of the Bone Spring limestone dips northeastward along a monoclinal 
flexure. On the depressed side of the flexure, between Sierra Prieta and 
Dos Alamos (for location see Fig. 8), it is overlain by beds belonging to 
the lower part of the Delaware Mountain formation as here restricted.1** 


12 G. H. Girty : memorandum to G. B. Richardson (May, 1909). 

12 J. W. Beede: Notes on the geology and oil possibilities of the northern Diablo 
Plateau in Tervas, Univ. Texas, Bull. 1852 (1920) p. 31; P. B. King and R. BR. King: 
Stratigraphy of outcropping Carboniferous and Permian rocka of trans-Pecoa Tewvas, 
Bull., Am. Assoc. Petrol. Geol., vol. 13 (1929) p. 922; W. C. Blanchard and M. J. Davis: 
Permian stratigraphy and structure of parte of southeastern New Mezico and south- 
western Tezras, Bull., Am. Assoc. Petrol. Geol., vol. 13 (1929) p. 962. Called Word? 
formation by Beede, and Delaware Mountain sandstone by King and King and Blanchard 
and Davis. 
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Massive reef limestone 


Fieurge 11.—Details of limestone reef margins in the Bone Spring limestone of 
Sierra Diablo 


A. View and corresponding section northwestward toward Apache Peak from a hilltop, 
1% miles southeast (same as section 5, Figure 5 B). 

B. View and corresponding section southward from the same hilltop as “A” (same as 
section 6, Figure 5 B). 


These are a remnant of the thick formation typically developed across 
the Salt Basin to the east. The formation rests on the Bone Spring lime- 
stone with sharp contact, but there is apparently no unconformity. 

The strata of the Delaware Mountain formation, as here delimited, are 
about 650 feet thick (section 2, Fig. 5 B) and consist of fine sandstone 
and siliceous shale overlain by yellow, irregularly bedded sandy lime- 


XLIX—BULL. Soc. AM., Vor. 45, 1984 
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stones, which cap the mesas. For a distance of nine miles south of Dos 
Alamos there is, not far above the base of the unit, an interbedded layer 
of gypsum, 15 to 40 feet thick, which has been called the Dos Alamos 
gypsum member.*** This crops out in a continuous bed; its surface 
weathers to a gray gypseous soil unlike the residual soils overlying other 
types of rock of Permian age in the Sierra Diablo. 

R. E. King has collected twelve species of brachiopods from these ex- 
posures of the Delaware Mountain formation, which include Meekella 
skenoides, Marginifera opima, Aulosteges guadalupensis, and Composita 
emarginata affinis. Beede > reports large fusulinids and three genera of 
ammonoids. The ammonoids are said to be like those in the Word forma- 
tion of the Glass Mountains, but their identity is not stated. 


RELATION OF THE SIERRA DIABLO SECTION TO THE HUECO LIMESTONE 


Two unlike groups of rocks, the Bone Spring and the Hueco limestones, 
have been described in the Van Horn region, each resting with great un- 
conformity on older rocks. Rocks and faunas of the Bone Spring lime- 
stone in the Sierra Diablo are like those in the lower part of the Glass 
and the Guadalupe mountains, whereas those of the Hueco limestone in 
the Wylie and the Carrizo mountains to the south and west are like those 
of the Hueco limestone in the Hueco Mountains. Their relative ages 
are problematic. 

In the Van Horn region the rocks of the Hueco limestone appear to be 
traceable along the outcrop, or from section to section, into the basal beds 
and the Bone Spring limestone of the Sierra Diablo section. Nearly 
uninterrupted exposures are found between Eagle Flat and Victorio Peak 
in the Sierra Diablo (Fig. 12 B), and closely spaced outliers, separated 
by erosion or faulting, extend from the Wylie into the Baylor mountains 
(Fig. 12 A; see Fig. 8 for location). Near Eagle Flat, and in the Wylie 
and the Carrizo mountains, limestones and interbedded marls contain fos- 
sils of the Hueco fauna. There is, however, a gradual northeastward 
change in the character of the rocks. The Hueco fossils decrease in 
number, and at the same time the limestones grow dolomitic and thin- 


164 Named by P. B. King and R. E. King (Stratigraphy of outcropping Carboniferous and 
Permian rocks of trans-Pecos Teras, Am. Assoc., Petrol. Geol., Bull., vol. 18 (1929) p. 922. 
The primary origin of the gypsum bed has been questioned by C. L. Mohr (Secondary gup- 
sum in the Delaware Mountain region, Am. Assoc. Petrol. Geol., Bull., vol. 13 (1929) 
p. 1305), who has suggested that it resulted from seepage and evaporation of saline water 
from the Salt Basin. To judge from Mohr’s discussion, he is speaking of deposits of a 
different sort. The stratigraphic relations of the Dos Alamos gypsum point to its being 
a continuous and definite bed, such as could hardly result from secondary action. 

165 J. W. Beede: Notes on the geology and oil possibilities of the northern Diablo Pla- 
teau in Texas, Univ. Texas Bull. 1852 (1920) p. 24. 
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Ficure 12.—Relations of Hueco limestone to Bone Spring limestone 


A. Correlation of sections between Wylie and Baylor mountains. 


B. Correlation of sections between Eagle Flat 
Sections 9 and 10 are the same as those of the same number in Figure 5 B. 


Concealed 
<—ast-facing escarpment of Sa. Diablo——> 


3 

AY 
m> NN 
ow, 

2} 
“4 


760 P. B. KING—PERMIAN OF TRANS-PECOS TEXAS 


bedded, and many fusulinids appear. The upper part of these beds ap- 
pears to pass, near Victorio Peak and in the northern Baylor Mountains, 
into the lower thin-bedded dolomitic limestone member of the Bone 
Spring, and the lower part into the basal beds of the Sierra Diablo sec- 
tion. Possibly the lower part of the Wylie Mountains section is older 
than any strata in the Sierra Diablo, for Schwagerina occurs in that sec- 
tion some hundreds of feet above the base. 

In Apache Canyon a similar transition apparently takes place in higher 
beds. Black limestones and their equivalent reef limestones below the 
Victorio Peak member change southwestward into thin-bedded dolomitic 
limestones. Farther southwest, about six miles from the lower end of 
the canyon, these change, in turn, into thin- to thick-bedded nondolomitic 
limestones, with interbedded marls, which contain a few Enteletes and 
Omphalotrochus. Similar beds were uplifted by the Cenozoic intrusion 
at Sierra Prieta (sections 1 and 3, Fig.5 B). The Victorio Peak massive 
member of the Bone Spring, with its characteristic fossils, apparently ex- 
tends over these beds for many miles northwest of the Sierra Diablo, and 
in that direction changes into white dolomite. 


SEDIMENTATION OF THE PERMIAN ROCKS OF THE SIERRA DIABLO 


The rocks above the great unconformity in the Sierra Diablo were 
laid down on an irregular surface, and in places low hills were buried by 
the transgressive deposits. The more or less clastic basal beds were of 
only local extent. In the overlying Bone Spring limestone the strata 
laid down on the northeast were black limestones, and those on the south- 
west were bedded dolomitic limestones. These were separated along a 
sinuous linear course by limestone reefs and other massive limestone 
deposits. These features are characteristic of the margins of the Dela- 
ware basin. West and south of the Sierra Diablo, nondolomitic lime- 
stones, like those of the Hueco limestone in the Hueco Mountains, were 
laid down, in the writer’s opinion, at the same time as the deposition of 
at least the older beds in the Sierra Diablo. 

The lower member, of thin-bedded dolomitic limestones, has a wide ex- 
tent but changes in the northeasternmost exposures into limestone reefs 
and black limestones. The dolomitic limestones are overlain by a south- 
westward-projecting tongue of black limestone, which grades into lime- 
stone reefs along a line some distance southwest of the older reefs. Lime- 
stones of the Victorio Peak member mark a second advance to the north- 
east of the massive limestone deposits, but these have the form of widely 
extended sheets of limestone rather than of true limestone reefs. Sand- 
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stones and shales of the Delaware Mountain formation at the north end 
of the range mark an advance of the more or less clastic strata over the 
limestone deposits. 

The limestone reefs in the middle of the Bone Spring limestone are 
apparently closely related to monoclinal flexures of west-northwest trend, 
by which the older Permian and the pre-Permian rocks are bent down 
toward the north-northeast. This relation is best shown on the ridges 
south of Victorio Peak, where lenticular masses of reef limestone lie on 
the upper part of the flexure, and black limestones are found on its de- 
pressed side (Fig. 10 A). Similar relations possibly obtain in the 
vicinity of Apache Canyon, farther north, for the west-northwest trend 
of the reefs at this place coincides with a monoclinal flexure in the Vic- 
torio Peak limestones a short distance to the west. 

These relations are shown on Figure 7 B, on which the location of 
the reefs and the monoclinal flexures are given. On this map are shown 
also the Cenozoic faults by which the rocks of the region are broken. The 
faults trend in various directions, but two main sets may be observed: a 
highly irregular group with a general north-south trend, and a much 
more regular group of nearly parallel faults of west-northwest trend. In 
many places the west-northwest-trending faults coincide in position with 
the limestone reefs, and such faults are shown by solid lines on the map. 
A similar relation between reefs and Cenozoic faults exists in the Apache 
Mountains, east of the Sierra Diablo. Faults of west-northwest trend 
elsewhere in the region show evidence of pre-Permian movements, and 
such faults are indicated by dashed lines on the map. The whole get of 
structural features of different ages and of west-northwest trend may well 
be related to a dominant line of weakness in the basement rocks of the 
region. This line of weakness was possibly active, not only during the 
Cenozoic block faulting, but also during the formation of the monoclinal 
flexures, at the time of the subsidence of the Delaware basin. 

Instructive observations on the distribution of dolomite in the various 
facies of the Bone Spring limestone can be made on the canyon walls and 
escarpments of the Sierra Diablo. The black limestones and the thin 
interbedded layers of granular limestone of the Delaware basin facies are 
nondolomitic. So, also, are the tongues and lenses of massive limestone 
interbedded with them at the margin of the limestone reefs. There has 
been some secondary silicification in these rocks, but fossils and sedi- 
mentary structures are preserved as carbonates, probably with much the 
same composition as at the time of their formation. The main body of 
the limestone reefs is thoroughly dolomitized, as are also the thin-bedded 
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limestones which lie behind them (Fig. 10 B). Both types of rock ex- 
hibit a finely crystalline texture, with occasional small open pockets, and 
some masses of coarsely crystalline calcite. Fossils are either destroyed 
or badly preserved. The rocks of the Hueco limestone facies into which 
the thin-bedded dolomitic limestones merge at the head of Apache Canyon, 
and between the Sierra Diablo and Eagle Flat, are again nondolomitic. 

The destruction of fossils, the porous texture of the rock, and other 
evidences of recrystallization suggest that the dolomitization of the rocks 
took place after they were laid down, perhaps by diagenetic processes. 
Dolomitization is unrelated to igneous intrusions and faults. The dis- 
tribution of dolomite in the Sierra Diablo is similar to that in the various 
facies of the Glass and the Guadalupe mountains. 


P. B. KING-——-PERMIAN OF TRANS-PECOS TEXAS 


CORRELATION OF THE SIERRA DIABLO SECTION WITH THE GLASS 
MOUNTAINS SECTION 

In the Sierra Diablo the brachiopods are the only group of fossils that 
have been studied in detail, and these form the chief basis for a correlation 
of this section with that of the Glass Mountains. Further information 
will be available in the future, when the fusulinids have been identified, 
and more specimens of ammonoids are collected and studied. In Plate 
105 is shown the distribution in the Glass Mountains section of the 
brachiopods that have been identified by R. E. King ?®* in the Sierra 
Diablo. 

The small collection of brachiopods from the basal beds of the Sierra 
Diablo section, studied by R. E. King, includes some species characteristic 
of the Pennsylvanian, and also a few species characteristic of the Wolf- 
camp formation in the Glass Mountains (Pl. 105). Many of the species 
are also found in the Hueco limestone of the Hueco Mountains (Pl. 104 B). 
The few brachiopods and the Schwagerina reported from the basal beds 
suggest that these beds may be equivalent to the Wolfcamp formation of 
the Glass Mountains. 

The overlying Bone Spring limestone contains a few species of brachio- 
pods which are characteristic of the Pennsylvanian (Linoproductus cora 
and Composita subtilita). It also contains numerous characteristic Per- 
mian genera (Aulosteges, Leptodus, Prorichthofenia). Most of the spe- 
cies identified by R. E. King have also been found by him in the Leonard 
formation of the Glass Mountains (Pl. 105). It contains, for example, 
Productus ivesi, Prorichthofenia likharewi, and P. uddent. In the lower 
part of the unit, as in the Leonard formation of the Glass Mountains, is 


16 R. E. King: Geology of the Glass Mountains, Univ. Texas Bull. 8042 (1931) p. 14-15. 
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eir position in the section; these zones are also shown on Figure 5 B. 
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the more primitive richthofeniid species, Prorichthofena teguliferoides. 

The brachiopods in the small collection from the Delaware Mountain 
formation, made by R. E. King, are like those in the Word formation 
of the Glass Mountains (Pl. 105). They include seven species which have 
not been found at a lower level than that formation. This evidence, and 
that of the ammonoids collected from the same place by Beede, suggests 
that the formation is to be correlated with part of the Word formation 
in the Glass Mountains. 


GUADALUPE MOUNTAINS SECTION 


GENERAL FEATURES 


The Guadalupe and the Delaware mountains flank the Salt Basin on 
its eastern side and rise above it in escarpments that are, at least indi- 
rectly, the result of faulting. They are composed entirely of Permian 
rocks that were laid down within, and along, the north edge of the Dela- 
ware basin. The Guadalupe Mountains are a great wedge-shaped mass, 
which rises from low hills in New Mexico to the point of the wedge in 
Texas, where El Capitan, the highest peak in the State, lies near its 
southwestern termination (Fig. 13). At the point of the wedge the 
upper part of the mountains is formed by a limestone cliff, 1500 feet 
high. The Delaware Mountains, in which the upper cliff is lacking, are 
lower and less imposing, but are the orographic continuation of the Guada- 
lupe Mountains to the south. Northeast of El Capitan the Guadalupe 
Mountains rise above the Delaware Mountains in a southeast-facing lime- 
stone escarpment, which continues with decreasing height to Carlsbad 
on the Pecos River.*®*” 

Early descriptions of the geology of the Guadalupe Mountains were 
written by G. G. Shumard in 1856, and by R. S. Tarr in 1892.1° The 
first detailed descriptions of its rocks and fossils were written by Richard- 
son ‘°° and Girty *"° in the early part of the present century. Since that 
time, much further work has been done on the stratigraphy of the Guada- 


167 The general geography of the region is well described by G. H. Girty: The Guada- 
lupian fauna, U. S. Geol. Survey, Prof. Pap. 58 (1908) p. 5-8. 

168 G. G. Shumard: op. cit., p. 94-96; R. S. Tarr: Reconnaissance of the Guadalupe 
Mountains, Texas Geol. Surv., Bull. 3 (1892). 

10 G, B. Richardson: Report of a reconnaissance in trans-Pecos Texas north of the 
Texas and Pacific Railway, Univ. Texas Mineral Survey, Bull. 9 (1904) p. 38-43. 

10G, H. Girty: The Guadalupian fauna and new stratigraphic evidence, Ann., New 
York Acad. Sci., vol. 19 (1909) p. 5-24. 
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lupe Mountains.’** The writer’s own observations in the Guadalupe 
Mountains have been confined to a few brief excursions, and most of the 
description that follows has been compiled from published reports of 
other geologists. On some of the problems in dispute, the writer has 
ventured some suggestions, based on his observations on similar strata in 
other areas. 

In this paper the following formations are recognized at the south- 


west end of the Guadalupe Mountains: 
Feet 


Delaware Mountain formation (with a dark limestone member 
Bone Spring limestone (with a gray limestone member at top, 


Base not exposed 


The Bone Spring limestone was included by Richardson as a member 
in the Delaware Mountain formation, but the unit has greater extent 
and thickness than was originally supposed, and the faunas, as first 
pointed out by Girty, are not entirely like those of the beds above, so that 
it is now generally recognized as a distinct formation. 


BONE SPRING LIMESTONE 


This unit, the “basal black limestone” of Girty, was given its present 
name by Blanchard and Davis.’ The type locality is at Bone Spring, on 
the west slope of the Guadalupe Mountains (Fig. 13 A). “The lime- 
stones are black, brown, and dark gray, ordinarily thin-bedded, many ex- 
hibiting a wavy, nodular appearance. The darker series commonly con- 


11 C, L. Baker : Contributions to the stratigraphy of eastern New Mevico, Am. Jour. Sci., 
4th ser., vol. 49 (1920) p. 113-116; J. W. Beede: Report on the oil and gas possibilities of 
University block 46 in Culberson County, Univ. Texas Bull. 2346 (1924) ; N. H. Darton 
and J. B. Reeside: Guadalupe group, Bull. Geol. Soc. Am., vol. 37 (1926) p. 413-428; 
K. H. Crandall: Permian stratigraphy of southeastern New Mezico and adjacent parts of 
western Texas, Bull. Am. Assoc. Petrol. Geol., vol. 18 (1929) p. 927-944; W. G. Blanchard 
and M. J. Davis: op. cit., p. 957-996. 

172 W. G. Blanchard and M. J. Davis: Permian stratigraphy and structure of parts of 
southeastern New Mezico and southwestern Texas, Am. Assoc. Petrol. Geol., Bull., vol. 13 
(1929) p. 961-964; K. H. Crandall: Permian stratigraphy of southeastern New Mezico 
and adjacent parts of western Texas, Am. Assoc. Petrol. Geol., Bull., vol. 13 (1929) 
p. 929; P. B. King and R. B. King: Stratigraphy of outcropping Carboniferous and Per- 
mian rocks of trans-Pecos Teras, Am. Assoc. Petrol. Geol., Bull., vol. 13 (1929) p. 921. 
Called lower Delaware limestone by Crandall and Bone Canyon member of the Leonard 
formation by P. B. King and R. E. King. The definition of King and King applied only 
to the black limestones of the formation; in the present paper the name is given the 
broader usage of Blanchard and Davis and applied to limestones of various sorts, of the 
same general age and stratigraphic position. 
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tains plentiful chert lenses and is bituminous.” *** According to Beede *"* 
the formation contains much black papery shale in the Delaware Moun- 
tains to the south. In the vicinity of Bone Spring the limestones are 
traversed by “thrust planes” and “unconformities,” which cut diagonally 
through the bedding.?"* 

At the south end of the Guadalupe Mountains, only 200 feet of the 
formation is exposed, but farther north, near Bone Spring and beyond, 
a monoclinal rise in the lower strata (described by Blanchard and Davis, 
as the Bone Spring arch) (Figs. 4 B and 13 A) brings over a thousand 
feet of beds to view above the bolson deposits. Toward the south the 
member has an irregular exposure, but apparently continues in that direc- 
tion at least as far as the north edge of the Van Horn quadrangle. On 
a promontory of the Delaware Mountains, a few miles north of the edge 
of that quadrangle, R. E. King measured 1250 feet of limestones and 
shales of the Bone Spring beneath the sandstone of the Delaware Moun- 
tain formation. 

In the Pure Oil Company’s No. 1 Quaid boring, east of El Capitan, 
1536 feet of beds of the Bone Spring formation, here mostly black shale, 
was penetrated.17® At the south end of the Guadalupe Mountains, on 
the Williams Ranch, where 200 feet of the formation is exposed, a core 
test was drilled about 1920 to a depth of 3400 feet. Some of the cores 
have been examined by Beede, who has given the following generalized 
record of the materials penetrated : ?"7 


Feet 

3. Conglomerate of crystalline limestone pebbles in a black slate 


1. White dolomite to bottom of hole; may be Fusselman limestone 
(Silurian) or Montoya limestone (Ordovician).............. 200 


Strata similar to the Bone Spring limestone comprise the upper 2200 
feet of the section penetrated by the boring. It may be that the Permian 
here rests unconformably on the older Paleozoic, as it does in the Sierra 
Diablo, not far to the south. 


173K. H. Crandall: Permian stratigraphy of southeastern New Mezico and adjacent 
parts of western Texas, Bull. Am. Assoc. Petrol. Geol., vol. 13 (1929) p. 930. 

1™% J. W. Beede: Report on the oil and gas possibilities of University block 46 in Culber- 
son County, Univ. Texas Bull. 2346 (1924) p. 138. 

1% C. L. Baker: Contributions to the stratigraphy of eastern New Mezico, Am. Jour. Sci., 
4th ser., vol. 49 (1920) p. 118; N. H. Darton and J. B. Reeside: Guadalupe group, Geol. 
Soc. Am., Bull., vol. 837 (1926) p. 423, pl. 14. 

1%. D. Cartwright: Transverse section of Permian basin, west Teras and south- 
eastern New Mevico, Bull. Am. Assoc. Petrol. Geol., vol. 14 (1930) pl. 2. 

177 J. W. Beede: Lecture at Austin, Texas (April, 1927). 
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According to Girty *’* “the fauna [of the Bone Spring limestone] is 
unusually well balanced, containing Brachiopoda, Pelecypoda, Gastero- 
poda, and Cephalopoda in nearly equal proportions, besides a correspond- 
ing share of other groups. While unmistakably related to the overlying 
faunas, that of the black limestone has an individual facies.” The 
brachiopods collected by Girty and R. E. King include such Permian genera 
as Prorichthofenia, Leptodus, and Aulosteges, and the long-ranging Per- 
mian species Squamularia guadalupensis, Camarophoria venusta, and 
Hustedia meekana. The collections also include many species that are 
found only in the lower part of the series in the Glass Mountains, and 
that are found also in the Sierra Diablo. Among these are Prorichtho- 
fenia likharewi, Composita mexicana, Pugnoides texanus, and possibly 
Productus ivesi. Composita subtilita, the Pennsylvanian species, is found 
in the member, as it is in the lower Permian rocks of other areas (Pl. 
106). Girty has collected three species of ammonoids from the member 
(Peritrochia erebus, Paraceltites elegans, and Agathiceras texanum). 
These have no clear relation to any species in the Glass Mountains, 
although Bose *** has noted similiarities between the last two and mem- 
bers of the same genera in the Word formation of the Glass Mountains. 
The Bone Spring limestone may also contain Perrinites.1®° 


GRAY LIMESTONE MEMBER OF BONE SPRING 


Two miles north of Bone Spring the black limestone typically developed 
there is overlain by massive gray hackly limestone, which is cavernous, and 
contains nodular chert.*** It is 300 feet or more thick, and apparently 
grades up from the black limestone. The relations of the member to the 
overlying Delaware Mountain formation are not clearly understood. Most 
geologists have interpreted the contact as unconformable, and erosional 
pockets in the limestone, filled by sandstone and conglomerate, have been 
noted by Baker.’*? Darton and Reeside*** state that at Bone Spring, 
large blocks of gray limestone are included in the conglomerate of the 


1% G, H. Girty : The Guadalupian fauna, U. 8S. Geol. Survey, Prof. Pap. 58 (1908) p. 23. 

1% Emil Bése: The Permo-Carboniferous ammonoids of the Glass Mountains and their 
stratigraphical significance, Univ. Texas Bull. 1762 (1919) p. 24. 

19 Emil Bose: op. cit., footnote on p. 160. 

181 Termed Victorio Peak member of Leonard formation by R. E. King (Geology of the 
Glass Mountains, Univ. Texas Bull. 3042 (1931) p. 11) ; but as it can only doubtfully be 
compared with the member of that name in the Sierra Diablo, the tentative term, gray 
limestone member, used by Darton and Reeside, is applied in this paper. 

182 C, L. Baker : Contributions to the stratigraphy of eastern New Mezico, Am. Jour. Sci., 
4th ser., vol. 49 (1920) p. 144. 

18 N. H. Darton and J. B. Reeside: Guadalupe group, Geol. Soc. Am., Bull., vol. 37 
(1926) p. 421. 
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Delaware Mountain formation, presumably derived from the erosion of 
the gray limestone member, which is absent. Several photographs of the 
eroded contact have been published.*** An interesting alternative sug- 
gestion has been made by Lloyd,'** who states that the gray limestone is 
transitional into the sandstones of the Delaware Mountain formation, and 
is a reef mass. He interprets the conglomerates as a local feature at the 
reef margin, and believes that they occur at several different horizons. 
Both theories are entirely plausible, and can be proved only by detailed 
mapping. 

Girty +** has identified a few fossils from the gray limestone member, 
most of which are brachiopods. All the brachiopod species have been 
found also in the underlying or the overlying beds. 


DELAWARE MOUNTAIN FORMATION 


At the south end of the Guadalupe Mountains the Bone Spring lime- 
stone is overlain by sandstone beds, 1825 feet in thickness, which make 
up the greater part of the Delaware Mountain formation in this region. 
These are composed of “very fine, even-grained, gray, buff, and brown 
quartz sand, with some . . . black sandy shale, and in some places 
black limestone. In the section at Guadalupe Point there are several beds 
of medium-grained brown to buff clean quartz sand. Some of these 
strata . . . were laid down on an uneven eroded surface. 
Limestones are relatively rare in the section at Guadalupe Point, but 
increase in amount in the Delaware Mountains to the south.” 2*7 

The formation is interpreted by many geologists as resting uncon- 
formably on the underlying Bone Spring limestone at Bone Spring and 
to the north. In this direction it thins out rapidly, and at the New 
Mexico line it is only about 100 feet thick.*** “This is due to overlap on 
the underlying limestones, to thinning of the separate members, and to 
gradation of some of the upper beds into overlying limestones” (Capitan 
and associated beds) 

Fossils are not common in the sandstone at the south end of the 
Guadalupe Mountains, except in a few thin intercalated limestone beds. 
According to Girty °° the fauna “presents many differences from either 


1% EF. R. Lloyd: op. cit., p. 658; W. G. Blanchard and M. J. Davis: op. cit., p. 995. 

18 EF. R. Lloyd: op. cit., p. 650, 656-658. 

18 G. H. Girty: in N. H. Darton and J. B. Reeside: Guadalupe group, Geol. Soc. Am., 
Bull., vol. 37 (1926) p. 421. 

187 K, H. Crandall: op. cit., p. 981. 

18 N. H. Darton and J. B. Reeside: op. cit., p. 428. 

18 K. H. Crandall: op. cit., p. 931. 

1° G. H. Girty : The Guadalupian fauna, U. S. Geol. Survey, Prof. Pap. 58 (1908) p. 22. 
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that of the [overlying] dark limestone or that of the Capitan formation. 
The chief positive difference consists in the development of a relatively 
extensive suite of Pelecypoda and Gasteropoda, in the main very unlike 
those which succeeded them. Negatively, the Brachiopoda are less abun- 
dant and well differentiated.” The brachiopods include Linoproductus 
waagenianus, Avonia signata, Productus guadalupensis, Leptodus nobilis 
americanus, Prorichthofenia permiana, Spirifer pseudocameratus, Squa- 
mularia guadalupensis, and Punctospirifer billingsi (Pl. 106). Girty has 
identified two species of ammonoids, Paraceltites elegans and Gastrio- 
ceras ? serratum. 


DARK LIMESTONE MEMBER OF DELAWARE MOUNTAIN FORMATION 


At the south end of the Guadalupe Mountains the sandstones of the 
Delaware Mountain formation are overlain by 150 to 300 feet of dark- 
gray slabby limestone, which constitutes the upper dark limestone mem- 
ber of the Delaware Mountain formation. The limestones are inter- 
bedded with sandstones like those of the underlying member in their 
lower part.?** These limestones are overlain directly by the massive, 
light-gray Capitan limestone. Similar limestones are found below the 
Capitan at other places in the region, but evidence is given below which 
suggests that they may not all be of the same age. 

The dark limestone above Pine Spring, on the southeast side of the 
mountains, contains abundant fossils. Girty notes that there is a “con- 
siderable community of forms” between the fauna and that of the over- 
lying Capitan. According to Girty *®* “some of the more distinguishing 
characteristics of the dark limestone fauna are the abundance of Fusu- 
lina elongata . . . the greater abundance of cup corals, the presence 
of Cladopora spinulata, the greater abundance of small Producti of the 
semireticulatus group, such as P. popet and P. indentatus, the presence of 
Aulosteges guadalupensis and Spiriferina laxa, the abundance of the 
group Pugnar bisulcata, the presence of Aviculopecten guadalupensis 
and of Huomphalus sulcifer . . . and the abundance of Anisopyge 
perannulata.” 


191 J, B. Reeside: Field notes (1925). 

12 G, H. Girty : The Guadalupian fauna, U. 8S. Geol. Survey, Prof. Pap. 59 (1908) p. 19. 

1 C, O. Dunbar and John Skinner (New fusulinid genera from the Permian of west 
Texas, Am. Jour. Sci., 5th ser., vol. 22 (1930) p. 263, 264) have shown that the original 
Fusulina elongata actually belongs to several genera ; it is not known to which genus the 
fusulinid of the dark limestone belongs. Productus popei of Girty is Marginifera popei of 
R. E. King: Geology of the Glass Mountains, Univ. Texas Bull. 3042 (1931) p. 88. 
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CAPITAN LIMESTONE 


The Capitan limestone, named by Richardson *** for El Capitan Peak, 
crops out along the southeast edge of the Guadalupe Mountains, for a dis- 
tance of 25 miles northeast from its southwestern termination. The 
maximum thickness of the formation exposed in any single section is 
1800 feet.1*° The Capitan limestone forms the upper cliff of the Guada- 
lupe Mountains, above the exposures of the Delaware Mountain forma- 
tion. On the western side there is a sheer vertical face, 1700 feet high 
(Fig. 13 A), and on the southeast a high, but less abrupt, escarpment. 
In 1929 the formation was interpreted by Lloyd }* as a limestone barrier 
reef of large size, and this interpretation has been followed by many other 
geologists who have since worked in the region. 

The reef rock of the Capitan “is made up of a series of exceedingly 
massive gray limestones which are ordinarily dolomitic. It is sporadi- 
cally fossiliferous, many of the forms appearing to have been partly de- 
troyed by dolomitization. . . . Itis ordinarily coarse-grained and con- 
tains inclusions of calcite crystals, and vugs with a maximum diameter 
of one foot, lined with the same material.” **’ In the vicinity of El 
Capitan there are many beds of “white limestone carrying the large 
Fusulina elongata so thickly packed and so uniformally laid down in one 
direction as almost to appear as if arranged by hand.” 1% 

“At some places a peculiar type of bedding is noted in the Capitan, 
resembling a gigantic form of cross-bedding. These lines of stratifica- 
tion are best exposed on the smooth cliffs of the west front of the Guada- 
lupe Mountains [Fig. 13 A]. Bedding planes start at the top of the 
formation with dips toward the southeast as high as 40°, decreasing 
within a short distance down dip in a gentle arc to relatively slight dips 
at the base of the formation. Along the southeastern face of the moun- 
tains these dips are not so apparent, but constitute the only distinguish- 
able bedding in the otherwise massive limestone.” 1*° 

These inclined bedding-planes are, in part, original depositional sur- 
faces, for in the southwest part of the mountains the horizontal attitude 


4G. B. Richardson: Report of a reconnaissance in trans-Pecos Texas north of the 
Texas and Pacific Railway, Univ. Texas Mineral Survey, Bull. 9 (1904) p. 44. 

1% According to E. R. Lloyd (letter, June, 1933) “the best measure of the thickness of 
the Capitan is from the well drilled by the Ohio Oil Company on the ‘Tracy dome’ several 
miles west of Carlsbad. This well started near the top of the formation, and penetrated 
2670 feet of dolomite before reaching the sandstone of the Delaware Mountain formation.” 

1% BE. R. Lloyd: Capitan limestone and associated formations, Bull. Am. Assoc. Petrol. 
Geol., vol. 18 (1929) p. 645-658. 

197 K. H. Crandall: op. cit., p. 936. 

6G. H. Girty: The Guadaluptan fauna, U. 8. Geol. Survey, Prof. Pap. 58 (1908) p. 15 

1” K., H. Crandall: op. cit., p. 936. 
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of the Delaware Mountain beds below the inclined Capitan beds may be 
observed on the mountain sides. Toward the northeast, however, part 
of the inclination of the bedding-planes may be due to subsequent move- 
ments, for Darton has mapped faults at several places along the base of the 
southeast-facing Capitan escarpment, and Lang *” states that near Carls- 
bad caverns well-bedded limestones above the massive Capitan (Carlsbad 
tongue) are also bent down to the southeast on the face of the escarp- 
ment at angles of 15° to 40°. 

Fossils have been collected from the Capitan limestone at several hori- 
zons at the southwest end of the Guadalupe Mountains. As described 
by Girty, the fauna presents many features unlike those of the faunas 
which have preceded it. It contains numerous large fusulinids, mostly 
belonging to the species Polydiexodina capitanensis,?" as well as some 
smaller foraminifera. Sponges (Virgula, Guadalupia, Amblysiphonella) 
“form a remarkable feature of the fauna, both in abundance, variety, and 
peculiar development.” *°? Bryozoans are moderately abundant, and in 
places there are many gastropods and pelecypods. Corals occur rarely, 
and no echinoderms or ammonoids have been described. 

A large part of the Capitan fauna consists of brachiopods, but there is 
a noticeable diminution of families or genera that are prominent in the 
lower horizons or in other types of rock. Productids are represented by 
only a few species. There is only one species of Spirifer, although there 
are several of its ally, Spiriferina. By contrast, there are numerous spe- 
cies of strophemenoids (Orthotetes, Streptorhynchus), rhynchonelloids 
(Pugnoides and others), and dielasmoids (Dielasma, Heterelasma). 

Some of the species have a long range in the Permian succession 
(Leptodus nobilis americanus, Camarophoria venusta, Squamularia 
guadalupensis), but many are of definitely upper Permian character 
(Chonetes hillanus, Productus capitanensis, Pugnoides shumardianum, 
Punctospirifer billingsi) and are known elsewhere only in the underlying 
dark limestone or in the Word and the Capitan formations of the Glass 
Mountains (Pl. 106). Many of the Capitan brachiopods are, however, 
unknown outside the formation itself, and may represent a distinct late 
Permian development. This group includes several species of Strepto- 
rhynchus and Orthotetes, a few productids (Productus ? pileolus, Avonia 
latidorsata), and several species of dielasmoids (right-hand column of 
Pl. 106). 


20 W. B. Lang: personal communication (January, 1988). 

21¢. 0. Dunbar and John Skinner: op. cit., p. 267, 268. This is the Fusulina elongata 
cited from the Capitan limestone In the older reports. 

2G, H. Girty: The Guadalupian fauna, U. S. Geol. Survey, Prof. Pap. 58 (1908) p. 70. 
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“North of the region of Guadalupe Point, the purer limestones ap- 
pear to be replaced by those of dolomitic appearance, and with this change 
the Capitan fauna ceases, being nearly unknown north of the Texas 
line.” 203 


NORTHWEST EXTENSIONS OF THE CAPITAN LIMESTONE 


A few miles northwest of the southeast face of the Guadalupe Moun- 
tains the Capitan limestone loses its typical character and grades into 
rocks that were laid down to the northwest of the Delaware basin (Fig. 
4B). It “gives way or is replaced by thinner-bedded limestones and 
intercalated beds of sandstone, so that it is difficult to distinguish the 
northward continuation of the formation from the overlying and under- 
lying beds.” 2% 

Extending northward and northwestward from the upper part of the 
typical Capitan limestone is a mass of thinner-bedded limestone, which 
constitutes the Carlsbad limestone tongue of the Capitan limestone.?* 
In the southeast part of the mountains, near the reef masses in the Capi- 
tan, “oolitic and pisolitic zones appear and constitute as much as 20 per 
cent of the entire thickness. . . . Such pisolites are found sparingly 
in the Capitan (reef) also,” °° and they may be of algal origin.?” To- 
ward the southeast the thin-bedded limestones of the Carlsbad inter- 
grade in their lower part with massive beds of the Capitan reef,? but 
some of the higher beds extend southeastward across the top of the reef, 
and cap the southeast-facing escarpment of the Guadalupe Mountains, 
between McKittrick Canyon and Carlsbad Caverns. In its southeastern 
exposures the Carlsbad limestone is about 700 feet thick. 

Toward the north, in New Mexico, the limestones of the Carlsbad 
tongue become pink, and there are many interbedded sandstone layers. 


23 J. W. Beede: The correlation of the Guadalupian and Kansas sections, Am. Jour. Sci., 
4th ser., vol. 30 (1910) p. 132. 

24 G. B. Richardson: Stratigraphy of the upper Carboniferous in west Texas and south- 
east New Mevico, Am. Jour. Sci., 4th ser., vol. 22 (1910) p. 336. 

2% 0. E. Meinzer, B. C. Renick, and Kirk Bryan: Geology of no. 8 reservoir site of the 
Carlsbad irrigation project with reference to water tightness, U. S. Geol. Survey, Water 
Supply Pap. 580 (1926) p. 12,13; S. S. Nye: “Stratigraphy” in Geology and ground-water 
resources of the Roswell artesian basin, New Mevico, U. S. Geol. Survey, Water Supply 
Pap. 639 (1933) p. 53-55. The name, Carlsbad, appears to have been used in two slightly 
different senses. The definition of the U. S. Geological Survey emphasizes its strati- 
graphic position, as a limestone mass between red beds and gypsum of the Pecos and the 
Castile formations above and that of the Seven Rivers tongue of the Pecos formation 
below. As thus defined, it may include both thin-bedded and massive limestones. As 
the name is used by various oil geologists, the latter are generally excluded. 

26K. H. Crandall: op cit., p. 938. 

2” Rudolf Ruedemann : Coralline algae, Guadalupe Mountains, Am. Assoc. Petrol. Geol., 
Bull., vol. 13 (1929) p. 1079. 

6 K. H. Crandall: op. cit. 


: 


BULL. GEOL. SOC. AM. 


Zeueuued = 
1 Sjsuadniepend seSaqsoiny 
2 Snuesixeus snyonpoig] |Q 
snqequil] 2 snuejjiy & 
2 snuewiad sayeuoy| > 
ewseaig 
1 
2 exe} eur © 
2 SIUKYIOION sisuadnjepenB ee020quiy| gy 
| 2 Sisuednyjepens viaejnwenbs 
| wnyeBuojoid | sisuadnjepen3 
1494! | sep} 
2 sueSaja sapious 
Snuesxew 1 snueimojjems z 
snuerixeul | uinyesinsiq 
2 sisuadnjepen8 2 sisuguezided 
jou 
Sey /) 
49490 
‘sulequnoy edn Zz ro) ro) Ag paparasd sequiny 
-/epeng uf hq pazsodas < - ecnyjepeno wy pazsdes 

SSBID YoU os ro) & | ssa19 punoy osje aney | ysamyynos 
@ARY edn 3 ° iL YdIYM pur ednje | ye sueq 
Ul Ueeq *PEND ul | -waw pue 


CHART SHOWING RANGE IN GLASS MOUNTAINS SECTION OF B: 


1 
1 Snuexe, snyonpoug 


| 


‘ 
2 
1 eprsiougns 
| eupis eiuony 
Cueyoow eiuony 

1 
snueuaBeem onposdour 
sisuadnjepen. SNIDNPOIg 
| 


MAIN MASS OF FORMATIC 


SI4AYIOION 

2 Snuesixew 

Snjoajid smyonpoug 

| 

| 


Sisuadnjepen8 euwsejaig 

wmeinjeds ewsejaig 

2 
€ eipazsny 

2 

2 exe] 

¢ 


1 sinBuid sepiousng 


2 sNIeqUapIq SapioUsng 


Sjsuadniepen’ Sabaqsoiny 
1 

2 tadod 

12 

2 

2 

2 


UPPER DARK LIMESTONE MEMBER 


DELAWARE MOUNTAIN FORMATION 


———- 


2 
| ewselaig 


Lunjeinieds eusejaig 

I 
1 eipaysny 
2 eipaisny 

2 

2 

| Sisuadnjepeng elja020quiy 
2 Sisuadnjepens visejnwenbs 


STONE 


IN GLASS MOUNTAINS SECTION OF BRACHIOPOD SPECIES COLLECTED IN SECTION . 


4 
a 
: 


VOL. 45, 1934, PL. 106 


umouy 
-3/s0d guejeninba 4134} 
*‘sujequnoy adnjepeng 342 40 
Pua JSAMYINES JP 
YIIYM 


,euNeY 343 
#0 ‘snyy ‘Sauieu 
aqiuijap uaaq 
aaey saidads 
70 Kueu ‘osjy yo 43q 
/PUIDIIO $43.11 284M 
9107/1984 02 49040 Uf 
pue 


1g 
1 xeugng 
epiqu xeu8ng 


1 
2 
suows0w 


IM Z 
1 

seseqsoiny 

ewido 

1 

1 

1) 

| SMONPOUg 

1 sisuodnjepens smonpoig 

1M 2 Snueised 
sayeucy> 

1 

| 

sjuoquini| 

12 


MAIN MASS OF FORMATION 


| 

| sedeqsojny 

1 SiSuadniepen’ seBeisojny 

1 2 

1 

1-2 


GRAY LS. MEMBER 


BONE SPRING LIMESTONE 


1 juowsou 
1 

1 Sisuedn; 

I 

IM | 401g 
Snuediuewe snpojzde} 
2 


1 epissougns 


| | 


| Qyeupis 


| 


S OF FORMATION 


RMATION 


D IN SECTION AT SOUTHWEST END OF THE GUADALUPE MOUNTAINS 


© Bis 2 x 2 2 om? 
2 4 
28 | 
{ 
Sextet stv g 
=o an 
=.= 
os 
$35 SbEESS 
2 S235 
$2. a2 


GUADALUPE MOUNTAINS SECTION 773 


The limestones form a rapidly thinning wedge, which projects into, and 
dies out in, the red beds of the Pecos formation near the Pecos River 
(Fig. 4 B).?°° Beneath the Carlsbad tongue in this region there are 
about 500 feet of gypsum and red beds, which constitute the Seven Rivers 
tongue of the Pecos formation.**° Gypsum and red beds project south- 
ward as a wedge into the Capitan limestone, and their feather edge may 
lie beneath the limestone at the Carlsbad Caverns.*** The thinning of 
the Carlsbad tongue to the north has been interpreted by some as caused 
by intergradation with the Seven Rivers tongue, and by others as result- 
ing from overlap against these beds.??? 

Beneath the Seven Rivers tongue of the Pecos formation are other 
limestones, widely exposed in the western part of the Guadalupe Moun- 
tains, which form a northward extension of the lower part of the Capi- 
tan.”48 In the upper 200 feet are numerous lenses of sandstone and sandy 
limestone, which constitute the Queen sand zone of Blanchard and Davis. 
Beneath this zone are fairly well-bedded gray and buff limestones, as much 
as 1000 feet thick. As pointed out by Crandall, the arrangement of the 
inclined bedding-planes in the upper limestones of the Guadalupe Moun- 
tains, as exposed on their western face (Fig. 13 A), suggests that these 
limestones may be somewhat older than the typical Capitan at the south- 
west end of the mountains. In Last Chance Canyon, 20 miles north of 
the southwest point of the mountains, the limestones are underlain un- 


conformably by black limestone,?"* which may be the Bone Spring lime- 


PERMIAN ROCKS OF THE DELAWARE AND THE APACHE 
MOUNTAINS 


DELAWARE MOUNTAIN FORMATION SOUTH OF GUADALUPE MOUNTAINS 
South of the Guadalupe Mountains, in the Delaware Mountains, the 


Delaware Mountain formation attains great thickness (Fig. 4 B). Its 
rocks were laid down within the area of the Delaware basin. In a sec- 


2 §. S. Nye: “Stratigraphy” in Geology and ground-water resources of the Roswell arte- 
sian basin, New Mevico, U. S. Geol. Survey, Water Supply Pap. 639 (19338) p. 53. 

20S. S. Nye: op. cit., p. 46. 

211.N. H. Darton: Personal communication (December, 1932). 

22 W. G. Blanchard and M. J. Davis: op. cit., p. 983-985. 

213 Called Chupadera limestone by Crandall (op. cit., p. 933), and San Andres limestone 
by Blanchard and Davis (op. cit., p. 971). It occupies the same stratigraphic position 
below the Pecos formation as the Picacho limestone of the Roswell district to the north 
(S. S. Nye: op. cit., p. 55). The proper application of any of these names in the south- 
ern Guadalupe Mountains will be doubtful until detailed field work is done. 

24N. H. Darton and J. B. Reeside: op. cit., p. 425-427. 

15 R, E. King: Geology of the Glass Mountains, Univ. Texas Bull. 3042 (1931) p. 28. 
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tion 13 miles south of the southwest end of the Guadalupe Mountains, 
Beede *** measured 3918 feet of the formation between the underlying 
Bone Spring limestone and the overlying Castile gypsum. In this region 
the lower part of the formation consists of yellowish sandstones with 
widely separated shale partings, which is followed by bituminous shales 
and limestones, with some sandstones. In the upper 800 feet, thick sand- 
stone beds re-appear and alternate with thin beds of limestone and shale. 
According to Kraus,*** the sandstones of the formation change from 
medium or moderately fine grained in the Guadalupe Mountains to very 
fine grained in the central Delaware Mountains. The Pure Oil Com- 
pany’s No. 1 Quaid boring, southeast of the Guadalupe Mountains, which 
started a few hundred feet below the top of the formation, drilled 
through 3470 feet of the formation before reaching the Bone Spring 
limestone.?** 

Ammonoids have been found in the middle and the upper parts of the 
formation at various places in the Delaware Mountains. Girty has identi- 
fied Waagenoceras cumminsi var. guadalupensis **® from the region, and 
Beede **° has collected the same genus as high as 850 feet below the top 
of the formation. The upper part of the formation also contains Poly- 
diexodina shumardi,”** a member of the highly developed fusulinid genus, 
the occurrence of which in the Capitan limestone of the Glass and the 
Guadalupe mountains has already been noted. 


RELATION OF UPPER PART OF DELAWARE MOUNTAIN FORMATION TO 
CAPITAN LIMESTONE 


The Delaware Mountain formation in the Delaware Mountains is over- 
lain, not by the Capitan limestone as in the Guadalupe Mountains, but 
by the Castile gypsum. The uppermost beds of the formation in this 


216 J. W. Beede: Report on the oil and gas possibilities of University block 46 in Culber- 
son County, Univ. Texas Bull. 2346 (1924) p. 6-15. 

217 Edgar Kraus: Personal communication (August, 1933). 

28 D. Cartwright: op. cit., pl. 2. 

219 From a locality 30 miles northeast of Van Horn, near the top of the Delaware Moun- 
tains. (G. H. Girty: The Guadalupian fauna, U. S. Geol. Survey, Prof. Pap. 58 (1908) 
p. 502.) Bése has shown that the original Waagenoceras cumminsi from central Texas is 
actually a member of his genus Perrinites, but notes that this specimen is a true Waagen- 
oceras. (Emil Bise: The Permo-Carboniferous ammonoids of the Glass Mountains and 
their stratigraphical significance, Univ. Texas Bull. 1762 (1919) p. 170; see also footnote, 
271.) 

220 J. W. Beede: Lecture at Austin, Texas (April, 1927). 

221 Dunbar and Skinner, from a collection by Roth from “gray limestone 2117 feet above 
base of formation [base of section?] in the section exposed along the old Carlsbad-Van 
Horn road in the southern Delaware Mountains.” (C. O. Dunbar and John Skinner: New 
fusulinid genera from the Permian of west Teras, Am. Jour. Sci., 5th ser., vol. 22 (1930) 


p. 267-268.) 
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region are “several limestone ledges having a thickness of about 30 feet. 
These are . . . black, thin-bedded, gypsiferous, bituminous, and in 
places cherty.” 2? About four miles southeast of the front of the Guada- 
lupe Mountains a change takes place. “At this locality, the section for 100 
feet below the top . . . [is] gray, well-bedded limestone. The top mem- 
ber here exposed contains several ripple marks and . . . what seem to 
be sun cracks." Between this point and the foot of the escarpment at 
the mouth of McKittrick Canyon, 4 miles northwest, the top member 
becomes lighter in color, more massive, and much more fossiliferous.” ?%4 

At Big Canyon (near McKittrick Canyon) Darton and Reeside obtained 
a considerable fauna from the uppermost limestone of the formation. 
Most of its brachiopods characterize both the dark limestone and the Capi- 
tan limestone to the southwest, but some of its species (Orthotetes guada- 
lupensis, Streptorhynchus gregarium, Productus capitanensis, Avonia lati- 
dorsata, and Camarophoria ? longaeva) are known only in the Capitan 
limestone at the southwest end of the mountains. 

Along the southeast-facing escarpment of the Guadalupe Mountains, a 
great change takes place. The Delaware Mountain formation is here over- 
lain by the Capitan limestone, which is absent to the south. At McKit- 
trick Canyon, which indents the southeast-facing escarpment of the Gua- 
dalupe Mountains, the uppermost limestones of the Delaware Mountain 
formation, and several hundred feet of underlying sandstones and thin 
limestones, rise at an angle of 10° or more toward the escarpment. The 
sandstones disappear within a short distance along the canyon walls, and 
the limestones merge with the massive Capitan limestone, obscure bedding- 
planes of which are inclined at a steep angle to the southeast.?*> Similar 
relations are said to exist in nearby canyons. The Capitan aspect of the 
brachiopods in the uppermost limestones of the Delaware Mountain forma- 
tion in this vicinity also suggests that these beds are younger than the 
upper dark limestone, which lies beneath the Capitan at the southwest 
point of the mountains. 


222K. H. Crandall: op. cit., p. 931-933. 

223. R. Lloyd, who has examined these features in the field, states (letter, June, 1933) 
that this interpretation is doubtful. In his opinion, the supposed ripple marks are the 
result of later crumpling of the limestone. 

24 These upper limestones were called Frijole limestone by Blanchard and Davis (op. 
cit., p. 973) the name being derived from exposures near Frijole Post Office, seven miles 
southwest of McKittrick Canyon, It has been pointed out to the writer in the field, by 
Lloyd and Kraus, that the limestone at this place is several hundred feet lower in the 
section than that at McKittrick Canyon, and at the same horizon as tne dark limestone 
at the southwest end of the mounains. Until detailed work is done, separate names for 
these limestone beds do not seem necessary. 

2, D. Cartwright: op. cit., p. 928, fig. 3. 
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The extent of the transition from the sandstones and thin limestones of 
the Delaware Mountain formation into the massive limestones of the 
Capitan has been variously estimated. Between Guadalupe Point and 
McKittrick Canyon as much as 1000 feet of Delaware Mountain formation 
is said by some writers to grade into the Capitan,?** but Lloyd now be- 
lieves **7 that the Capitan of this region is the tremendously thickened 
northwestward equivalent of only the uppermost several hundred feet of 
the Delaware Mountain formation (Fig. 4B). Some of the beds near the 
top of the southeast-facing escarpment of the Guadalupe Mountains, which 
belong to the upper part of the Capitan and include the southeastward 
extension of the thin-bedded Carlsbad tongue, are cut off by erosion, and 
apparently cannot be matched with any beds in the Delaware Mountain 
formation to the southeast (Fig. 4B). Some geologists believe that these 
may be a calcareous equivalent of part of the Castile gypsum.?*° 


LIMESTONES OF THE APACHE MOUNTAINS 


In the Apache Mountains, about 60 miles south of the Guadalupe Moun- 
tains, are massive gray limestones similar to those of the Capitan lime- 
stone in the Guadalupe Mountains. These were laid down on the opposite, 
or southwestern, side of the Delaware basin, and are nearly in line with 
the older limestone reefs of the Sierra Diablo to the west. The massive 
limestones are associated with well-bedded pisolitic limestone, similar to 
the Carlsbad limestone.*** According to Richardson’s interpretation 
“the limestone . . . represents a change in lithology in the Delaware 
Mountain formation, the sandy phase becoming calcareous southward.” 
At the southeast end of the mountains, these limestones are overlain by 
Castile gypsum and Rustler limestone. 

The limestones of the Apache Mountains are bounded on their northeast 
side by a zone of faults of west-northwest trend (Fig. 7 B), beyond which 
are exposed sandstones and thin limestones of the more characteristic 
facies of the Delaware Mountain formation. At the southeast end of the 
mountains there is considerable displacement on the faults, with strata of 
Cretaceous age on the northeast side faulted down against the Permian. 
In the northwest part of the mountains the faults lie within the Permian 


24 FE. KR. Lloyd: op. cit., p. 649, 650; W. G. Blanchard and M. J. Davis: op. cit., p. 979, 
980. 

227K. R. Lloyd: personal communication (August, 1933). 

2% Blanchard and Davis: op. cit., p. 985; aleo, Edgar Kraus: Personal communication 
(August, 1933). 

2K. H. Crandall: op. cit., p. 939, 940. 

9G. B. Richardson: Keport of a reconnaissance in trans-Pecos Tewas north of the 
Tezas and Pacific Railway, Univ. Texas Mineral Survey, Bull. 9 (1904) p. 40. 


¥ 


DELAWARE AND APACHE MOUNTAINS 777 


series, and here it may be “that the displacement is much less than that 
found along the same faults to the southeast.” *** 

The limestones of the Apache Mountains contain a fauna similar to 
that of the Capitan, including various sponges and Polydiexodina capi- 
tanensis.?** Many of the brachiopods (Squamularia guadalupensis and 
others) are long-ranging species, but a considerable number are known 
only in the upper dark limestone and the Capitan limestone of the Guada- 
lupe Mountains (Chonetes hillanus, Productus capitanensis, Productus ? 
pileolus, Marginifera popei, Marginifera opima, Pugnotdes swallowianus, 
Camarophoria ? indentata, Camarophoria ? longaeva, Spirifer mezicanus, 
Dielasma spatulatum, and Heterelasma shumardianum.?* A part of the 
resemblance of this fauna to the Capitan is doubtless caused by similarity 
in facies, and not necessarily by similarity in age. The occurrence of 
Polydiexodina and of various brachiopods known elsewhere in trans-Pecos 
Texas only in the upper part of the Permian, and the direct superposition 
of the Castile gypsum on the limestones to the southeast, strongly suggest, 
however, that the limestones of the Apache Mountains are equivalent to 
the upper part of the Delaware Mountain formation (as the Capitan 
appears to be) and not to its lower part, as represented on the structure 
sections in the Van Horn folio. 


CASTILE GYPSUM AND RUSTLER LIMESTONE 


Between the Apache and the Guadalupe mountains the Delaware Moun- 
tain formation is overlain by the Castile gypsum, which is succeeded by 
the Rustler limestone.*** ‘The outcrop of these formations is shown on 
Figure 1 A. The Castile is composed of massive gypsum, with a few 
layers of limestone, which passes underground into thinly laminated 
anhydrite.?**> Apparently it conformably overlies the Delaware Moun- 
tain formation,?** and has a thickness of several thousand feet on the out- 
crop east of the Delaware Mountains. 

The main area of the Castile gypsum is separated from the outcrops 
of the Capitan limestone in the Guadalupe Mountains by a belt, some 


1 W. G. Blanchard and M. J. Davis: op. cit., p. 976. 

222C¢, O. Dunbar and John Skinner: op. cit., p. 267. 

33 Identifications by G. H. Girty in G. B. Richardson: U. S. Geol. Survey, Geol. Atlas, 
Van Horn folio, no. 194 (1914) p. 5 (collection from 1% miles southeast of the Jones 
ranch) and W. G. Blanchard and M. J. Davis: Permian stratigraphy and structure of 
parts of southeastern New Mevico and southwestern Texas, Bull. Am. Assoc. Petrol. Geol., 
vol. 18 (1929) p. 978. 

24Q. B. Richardson: Report of a reconnaissance in trans-Pecos Texas north of the 
Texas and Pacific Railway, Univ. Texas Mineral Survey, Bull. 9 (1904) p. 48-45. 

28 J, A. Udden: Laminated anhydrite in Texas, Bull. Geol. Soc. Am., vol. 35 (1924) 


p. 847-354. 
26K, H. Crandall: op. cit., p. 941; L. D. Cartwright: op. cit., p. 979. 
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miles in width, covered by Quaternary deposits. A few exposures of the 
gypsum have been found, resting on the Capitan, at the base of the south- 
east-facing escarpment of the Guadalupe Mountains.*** Farther north- 
east, in the vicinity of Carlsbad, New Mexico, and to the north, the Castile 
overlies the Carlsbad limestone tongue and joins with the upper part of 
the Pecos formation. At the northwest end of the Apache Mountains 
the Castile gypsum is only 275 feet thick,?** and at the southeast end it 
has been reported that the overlying Rustler limestone rests directly on 
the limestones of the Apache Mountains. 

East of its outcrop, drilling indicates that the Castile formation is as 
much as 4000 feet thick.?*® According to Cartwright, subsurface studies 
show that the lower half of the formation is confined in its extent to the 
Delaware basin, whereas equivalents of the upper half extend far beyond 
the margins of the basin, to the east and northeast. Surface and sub- 
surface evidence thus suggests that the gypsum follows conformably on 
the older strata of the Delaware basin, and reaches its greatest thickness 
there, but that toward the margins of the basin it overlaps the Capitan 
and other limestone reefs. The upper part of the Castile contains the 
main salt and potash beds of the west Texas and southeastern New Mexico 
area. 

The Rustler limestone, which overlies the Castile gypsum, has a thick- 
ness of about 250 feet and is a brown or gray dolomitic limestone. It 
contains some sandstone and some beds of chert and dolomite pebble 
conglomerate. A few fossils have been collected from the formation, but 
give little evidence as to its age. “These include . . . a Schizodus 
having the shape of S. harei, and a form suggesting by its shape a small 
Myalina from the Rustler Hills, Texas.” *° The close relation between 
the two formations and the rocks which underlie them, suggests that 
they are a part of the same depositional epoch, and that all are to be in- 
cluded in the Permian series. 

Overlying the Rustler limestone in the Pecos Valley are a few hundred 
feet of red beds, which, to the east, have been shown by drilling to ex- 
tend unconformably beneath overlying Triassic deposits.*4* 


237 NN. H. Darton and J. B. Reeside: op. cit., fig. 1; K. H. Crandall: op. cit. 

28 G. B. Richardson: U. 8. Geol. Survey, Geol. Atlas, Van Horn folio, no. 194 (1914) 
p. 6. 

29 FE. R. Lloyd: Letter (June, 1933). 

“0G. B. Richardson: Stratigraphy of the upper Carboniferous in west Texas and south- 
east New Mevzico, Am. Jour. Sci., 4th ser., vol. 22 (1910) p. 331-332. 

24. W. G. Blanchard and M. J. Davis: op. cit., p. 989; L. D. Cartwright : op. cit., p. 981 
and pl. 3. 
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SEDIMENTATION OF PERMIAN ROCKS IN DELAWARE AND 
GUADALUPE MOUNTAINS 

The oldest rocks exposed in the Guadalupe and the Delaware mountains 
are the black limestones and shales of the Bone Spring formation. The 
fine grain of the clastic materials in these beds and their large bituminous 
content suggest that they were laid down on a sea bottom where there 
was poor circulation of water and perhaps a greater depth than else- 
where. Bone Spring time was closed by the incursion of clastic sedi- 
ments, which formed the succeeding sandstones of the Delaware Moun- 
tain formation. 

This may have been accompanied by renewed subsidence of the Dela- 
ware basin. The Bone Spring arch, exposed on the west side of the 
Guadalupe Mountains, is a monoclinal flexure along the northwest flank 
of the Delaware basin. On it the Bone Spring limestone is bent down 
to the southeast, and at the base of the succeeding Delaware Mountain 
formation on the flexure there is much conglomerate, probably derived 
from the underlying beds. These features suggest that part of the flex- 
ing took place immediately after Bone Spring time. Movements along 
the flexure may have caused the “thrust planes” or “unconformities” that 
cut the Bone Spring limestone in this region. As the gray limestone 
member of the Bone Spring is found only in the region of flexure, it may 
have a genetic relation to this feature. 

Sandstones and shales of the Delaware Mountain formation were 
deposited in greater thickness in the Delaware Mountains, within the 
Delaware basin, than in the Guadalupe Mountains on its margin. The 
former was probably the region of greatest subsidence. That the sub- 
sidence was gradual is suggested by the lenticular, channel-like deposits 
of sandstone at the southwest end of the Guadalupe Mountains. Possible 
ripple marks and mud cracks reported from the higher beds may also 
be of shallow water origin. The sandstones of the Delaware Mountain 
formation are coarsest at the southwest end of the Guadalupe Mountains, 
and grow finer southward. 

Near the end of Delaware Mountain time, the reef mass of the Capitan 
limestone was built up. It is possible that this was related in origin to 
the Bone Spring arch. Limestone deposits appear to have been forming 
over the flexure before the main epoch of Capitan deposition. With con- 
tinued subsidence of the area south of the flexure, these may have been 
built upward and forward on the clastic deposits to make the main Capi- 
tan reef (Fig. 4B). The reef mass was an elongate barrier, the deposits 
of which graded rapidly northwestward and southeastward into other 
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types of sediments. Some geologists have suggested that the abrupt 
southeast-facing escarpment of the Guadalupe Mountains is the exhumed 
face of the Capitan reef as it appeared at the time of deposition; this 
would mean a relief of more than 1800 feet on the sea floor during the 
period. In the writer’s opinion, such extreme depths of water in the 
area of Delaware Mountain deposition are rather improbable, particularly 
as this formation shows some evidence of having been laid down in shal- 
low water. He ventures to suggest that the present height of the Guada- 
lupe Mountains escarpment may be caused by the successive building up 
of reef masses, by later subsidence of the area to the south, and by recent 
differential erosion. 

Deposition of the limestones of the Apache Mountains probably took 
place in a similar manner to that of the Capitan, but little is known of 
the structure of the rocks that underlie them. In these mountains, as in 
the Sierra Diablo, the limestone reefs trend west-northwest and are 
paralleled by faults of Cenozoic age. As the writer has suggested above, 
both features may be related to lines of weakness in the basement rocks 
of the region. 

There may have been a southeastward flexing of the Capitan lime- 
stone and other rocks in post-Capitan time, to permit the deposition of 
the Castile gypsum in the Delaware basin. The Castile is believed to suc- 
ceed the Delaware Mountain formation without an important break in 
the Delaware basin, but may overlap the Capitan limestone and other 
limestone reefs toward the margins. Some geologists have suggested 
that limestones were deposited in the areas of the reefs for some time 
after the beginning of deposition of the gypsum in the basin. Deposition 
of the Castile gypsum represents an abrupt change in sedimentation from 
that of the underlying beds, and indicates a final shutting off of the 
Delaware basin region from free access to the sea. Udden has suggested 
that the thinly laminated structure in the anhydrite of the formation was 
caused by seasonal deposition.*? In the final phase of Permian deposi- 
tion the region was covered by a small thickness of red beds. 


CORRELATION OF GUADALUPE AND DELAWARE MOUNTAINS SECTIONS 
WITH THOSE OF GLASS MOUNTAINS 
The rocks of the Guadalupe and the Glass mountains have many fossils 
in common, and it is evident that they are, in considerable part, of the 
same age. As in other mountain areas, the most complete evidence for 


“2 J. A. Udden: Laminated anhydrite in Texas, Bull. Geol. Soc. Am., vol. 35 (1924) 
p. 347-354. 
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correlation is afforded by the brachiopods. In Plate 106 is shown the dis- 
tribution in the Glass Mountains of those brachiopod species which have 
been collected in the various formations and members of the Guadalupe 
Mountains. Most of the collections have been identified by Girty and 
are listed in his Guadalupian fauna. A few collections identified by him 
are also listed by Darton and Reeside, and a few identified by R. E. King 
have been compiled from his paper. The chart (Pl. 106) shows only those 
fossils that have been collected from the section at the southwest end of 
the Guadalupe Mountains. 

In the Guadalupe Mountains the base of the Permian series is not 
exposed. The fauna of the Bone Spring limestone at the base of the 
section is thus of special interest for the evidence it gives as to the posi- 
tion of the equivalent beds in the Glass Mountains section. As shown 
in Plate 106, the Bone Spring contains abundant brachiopods. These 
include a number of species that have a long range in the Permian sec- 
tion, and there is also one long-ranging Pennsylvanian species (Com- 
posita subtilita) that extends similarly into the Leonard formation of 
the Glass Mountains. Most of the other species are found also in the 
Leonard formation, and many of them are confined to that formation. 
It is probable that the Bone Spring is of Leonard age. The Bone Spring 
limestone of the Guadalupe Mountains contains many of the brachiopods 
found in the Bone Spring limestone of the Sierra Diablo. 

The few brachiopods collected in the gray limestone member at the 
top of the Bone Spring are found at different places in the Leonard 
and the Word formations in the Glass Mountains (Pl. 106), and do not 
definitely indicate its age. 

Many of the brachiopods from the main part of the Delaware Moun- 
tain formation are of long range, but some of the species (Enteletes 
wordensis, Avonia signata, Prorichthofenia permiana) are confined to 
the Word formation in the Glass Mountains. The occurrence of the 
ammonoid, Waagenoceras, in the same beds farther south further con- 
firms the probable Word age of this part of the formation. The brachio- 
pods of the dark limestone member at the top of the Delaware Mountain 
formation are either long-ranging species or are confined to the Word 
formation in the Glass Mountains. Several species are found only in the 
upper limestone member of the Word formation, and R. E. King has 
suggested that the limestone members in the two areas may be of the 
same age. However, more of the dark limestone species characterize the 
whole of the Word formation than its upper part alone, and even those 
species reported only from the upper Word in the Glass Mountains may 
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extend into the dolomitized beds of the Capitan limestone of that area, 
where they have not so far been recognized. 

Of the brachiopods collected from the Capitan limestone, 26 species 
have been found in the Glass Mountains, but 19 species have not. The 
26 species have a varied distribution in the Glass Mountains section, as 
shown on Plate 106. Many of them are long-ranging species. Others 
are found only low in the section in the Glass Mountains; one of these, 
Geyerella americana, is restricted in that region to the massive limestone 
deposits of the Leonard formation (Fig. 6 C), so that its recurrence is to 
be expected in the limestone reef of the Capitan in the Guadalupe Moun- 
tains. Of the 26 species, 22 are found in the Word formation and 10 in 
the Capitan limestone of the Glass Mountains. However, the Capitan 
limestone of the Guadalupe Mountains is characterized by the distinctive 
fusulinid genus Polydiexodina, which is also found in the Capitan of the 
Glass Mountains, whereas the Word formation contains only the less 
specialized genus Parafusulina. Moreover, only a few fossils have been 
collected from the Capitan of the Glass Mountains, so that its brachiopod 
fauna is poorly known. The 19 species from the Capitan that have not 
been found in any formation in the Glass Mountains may, therefore, be 
a distinct late Permian development, and they may occur in the generally 
dolomitized upper rocks of the Glass Mountains section. The upper part 
of the Delaware Mountain formation in the Delaware Mountains, which 
is interpreted as grading into the Capitan limestone, is also probably 
younger than the Word formation. It contains Polydierodina, as does 
the Capitan, but otherwise its fauna is little known. 

The equivalents of the Castile Gypsum and the Rustler limestone in the 
Glass Mountains are not known. Possibly the Bissett conglomerate may 
be a clastic facies of one of these two formations. 


OTHER PERMIAN AREAS 
GENERAL FEATURES 


Several more exposures of Permian rocks in trans-Pecos Texas, and 
one in northern Mexico, remain to be considered. These lie outside, and 
to the southwest or south, of the Delaware basin, as outlined in Figure 
1B. These areas may either have been a part of the channel by which 
the Delaware basin was connected with the sea, or they may have lain 
in another basin to the west of the Delaware basin, for which the term, 
Marfa basin, has been suggested.™* 


“3 FH. Lahee: op. cit., fig. 2. 
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CHINATI MOUNTAINS 


In the Chinati Mountains, southwest of the areas that have been de- 
scribed, scattered exposures of Permian rocks are revealed by the uplift 
and erosion of a thick cover of Cretaceous strata and Tertiary lava flows. 
These are best exposed near the Shafter silver mine, where they were origi- 
nally described by Udden,*** but smaller exposures have recently been 
described by Baker from the northern part of the mountains.*** Accord- 
ing to Udden, the section has a thickness of about 6000 feet, but the base 
is cut off by syenitic intrusion, and the top is masked by the Cretaceous 
overlap. The section contains considerably more coarse clastic material 
in the lower part than do most of the beds of equivalent age elsewhere 
in the region. 

The lowest beds, the Cieneguita formation of Udden, are about 1000 
feet of shales and sandy shales, which contain many lenticular beds of 
arkosic sandstone and conglomerate, and near the base some embedded 
boulders of gneissic granite. Baker reports the occurrence of Schwage- 
rina in the formation. The succeeding beds, the Alta formation of 
Udden, 3500 feet thick, consist of dark shales and intercalated sandstones, 
which grade up into thicker-bedded quartzites. Most of the formation is 
unfossiliferous, but R. E. King ** collected Perrinites vidriensis and Pro- 
ductus ivesi from thin limestone beds. These fossils are typical of the 
Leonard formation in the Glass Mountains. 

The highest formation, the Cibolo limestone of Udden, is 1500 feet 
thick and is overlain unconformably by the Lower Cretaceous. Udden 
has divided the formation into a number of members near the Shafter 
mine, but Baker 747 found that these do not continue far to the north 
in their typical facies. The lower part of the formation contains Waagen- 
oceras sp., Agathiceras girtyi, Adrianites marathonensis, and Stacheo- 
ceras gilliamense, which are typical ammonoids of the Word formation 
in the Glass Mountains. It also contains large fusulinids, Leptodus, and 
Prorichthofenia. 


FINLAY MOUNTAINS 


In the Finlay Mountains, which lie west of the Sierra Diablo and 
southeast of the Hueco Mountains, there is a small exposure of rocks of 


24 J, A. Udden: Geology of the Shafter silver mine district, Univ. Texas Mineral Sur- 
vey, Bull. 8 (1904) p. 11-23. 

45 C, I,, Baker: Exploratory geology of a part of southwestern trans-Pecos Teras, Univ. 
Texas Bull, 2745 (1927) p. 10-11; Note on the Permian Chinati series of west Texas, 
Univ. Texas Bull. 2901 (1929) p. 73-84. 

20 R, E. King: Geology of Glass Mountains, Univ. Texas, Bull. 8042 (1931) p. 17. 

«7 C, L. Baker: op. cit., p. 77. 
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Permian age, which are different from those of the Hueco limestone ex- 
posed not far to the north and east. The exposure consists of several 
hundred feet of shale and dark limestone, which contains Perrinites and 
other ammonoids, Productus ivesi, and Prorichthofenia teguliferoides. 
The rocks and fossils closely resemble those of the Bone Spring and the 
Leonard formations to the east. Their relation to these formations and 
to the Hueco limestone is concealed by rocks of Lower Cretaceous age that 
surround the exposure.*** 

About eight miles south of the Finlay Mountains, in the intensely folded 
and overthrust strata of Malone Mountain, beds of gypsum and limestone 
form the base of the section and are overlain unconformably by strata 
of Jurassic age. In these lower beds, Baker collected Permian fossils 
which Beede has compared with those in the Leonard formation.?*® 


LAS DELICIAS AREA 


About 275 miles south of the Glass Mountains, in the Sierra del Sobaco, 
northwest of the hacienda of Las Delicias, in southwestern Coahuila, a 
thick succession of Permian strata is exposed in an isolated uplift sur- 
rounded by rocks of Lower Cretaceous age. ‘The section has been de- 
scribed by Bése and R. E. King, and recently King has made a detailed 
study of the area.?°° 

The base of the section is not exposed, and the top is cut off by the 
unconformity at the base of the Cretaceous. The section is from 5000 
to 10,000 feet thick and of entirely different character from rocks of the 
same age in trans-Pecos Texas. It consists predominantly of shale, lava, 
and igneous detritals, with minor amounts of lenticular reef limestones. 
Fossils occur only in certain zones, but the faunas are notable for the 
profusion and excellent preservation of the ammonoids; they surpass 
in this respect those from all the localities in trans-Pecos Texas. The 
limestones in the section also contain fusulinids and sponges, but, except 
for frequent clusters of Prorichthofenia, brachiopods are rare. 

The lower part of the section contains the ammonoid, Perrinites, which 
also occurs in the Leonard formation of the Glass Mountains. In higher 
beds, Waagenoceras, Medlicottia, and Stacheoceras occur together; these 
resemble the ammonoids of the Word formation. Near the top of the 
section a large fusulinid Polydierodina appears, and the ammonoid, 


28 R. BE. King: Geology of the Glass Mountains, Univ. Texas Bull. 3042 (1931) p. 17. 

29 C. L. Baker: Explanatory geology of a part of southwestern trans-Pecos Texas, Univ. 
Texas Bull. 2745 (1927) p. 11; E. H. Sellards: op. cit., p. 288-289. 

2 R. BE. King: The Permian of southwestern Coahuila, Am. Jour. Sci., 5th ser., vol. 27 
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Hanieloceras, a member of the Cyclolobinae more advanced than any 
genera found in trans-Pecos Texas. These highest beds may be equivalent 
to the Capitan limestone of that region. 

The Permian rocks at Las Delicias are steeply folded, are cut by small 
overthrust faults, and are intruded by granites of pre-Cretaceous age. 
They probably lay farther back in the region of Marathon deformation 
than did the strata of trans-Pecos Texas, and were subjected to the 
orogenic movements of that zone. 


GENERAL PROBLEMS OF THE REGION IN PERMIAN TIME 


GENERAL FEATURES OF PERMIAN SEDIMENTATION 


At the beginning of Permian time, an area of highlands (Llanoria) 
extended from southeastern trans-Pecos Texas east and northeast across 
the present gulf coastal plain. Along the northwest flank of this old 
positive area were ridges of folded and faulted rocks, raised from the 
Llanoria geosyncline, which was a region of subsidence until late in Penn- 
sylvanian time. Northwest of these ridges, in southwestern Oklahoma, 
were the Arbuckle Mountains and the Wichita mountain system, raised 
from an intracontinental geosyncline. 

Permian deposition took place between, and to the northwest of, these 
highland areas. In the vicinity of the Wichita and the Arbuckle moun- 
tains, arkoses, red beds, and other continental deposits were laid down in 
Permian time. Farther southwest, in central and western Texas, marine 
conditions persisted along the northwest flank of the Marathon Moun- 
tains, which had been raised in later Pennsylvanian time from the previ- 
ously subsiding area of the Llanoria geosyncline. Here, on the foreland 
of the preceding deformation, new areas of subsidence, or foredeeps,?* 
came into existence in early Permian time. Little is known of conditions 
southeast of the edge of the Marathon Mountains in Permian time, but 
the Permian rocks at Las Delicias, which may have been laid down in 
this province, show a continuous record of volcanic activity during the 
epoch, and are deformed by post-Permian orogeny. 

Central and west Texas seas apparently had a continuous connection 
with the ocean toward the southwest, as first suggested by Bose.**? The 
fossils found here (including the Guadalupian fauna) have numerous 
affinities with the Permian faunas of southern Europe and Asia, and 


1 W. A. J. M. van der Gracht: op. cit., p. 80-81. 
%2 Emil Bise: The Permo-Carboniferous ammonoids of the Glass Mountains and their 
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fossils similar to those in the main area of deposition are found toward 
the supposed southwestern entrance in the Chinati Mountains and at Las 
Delicias. Other marine connections to the west and northwest existed 
at various times. The Hueco fauna, possibly of early Permian age, found 
in the western part of Texas, is related to that of limestones extending 
into southern Arizona, and some of its fossils are similar to those in the 
Carboniferous of Bolivia.*** In later Permian time, marine connections 
existed to the northwest, with the Kaibab and the Phosphoria seas.?*4 

Subsidence in central and western ‘Texas caused several irregular basins 
to develop (main Permian basin, Delaware basin, Marfa basin), which 
received more or less clastic sediments, and which were separated by plat- 
forms (such as the central basin platform) that received limestone de- 
posits. The Permian sediments were laid down on a surface of broadly 
folded and deeply eroded foreland rocks, and the outlines of the basins and 
platforms were probably determined by lines of weakness in the basement 
rocks of the region. 

Early in Permian time, marine conditions prevailed across the entire 
area, but later on, the seas became more restricted. Successive basins 
were cut off from free communication with the sea, so that in time they 
became centers of deposition for salt, anhydrite, and other desiccation 
products. At the same time, red beds and other continental deposits were 
encroaching from the north and east, and they are interbedded with the 
saline deposits. Marine conditions apparently persisted latest in the 
Delaware basin, but toward the end of Permian time it was likewise 
covered by saline deposits and red beds. Van der Gracht has suggested 
that, in order to supply the areas of desiccation with the great thickness 
of salts now found there, a “continuous inflow of fresh sea water” was 
necessary through the southwestern marine entrance of the region. 


DELAWARE BASIN 


Most of the exposures of the Permian series in trans-Pecos Texas lie 
in or near the margins of the Delaware basin. The details of the strati- 
graphic relations of the rocks laid down in it have been discussed in the 
earlier parts of this paper. Less is known of the other basins, for the 
rocks laid down in them are not widely exposed, but conditions of sedi- 
mentation there were probably similar. 

The Delaware basin was a region of greater subsidence than the sur- 
rounding areas, and as such served as a trap for the clastic sediments laid 


3 RR, E. King: Geology of the Glass Mountains, Univ. Texas Bull. 3042 (1931) p. 36. 
24 Pp. B. King and R. E. King: Stratigraphy of outcropping Carboniferous and Permian 
rocks of trans-Pecos Tezas, Bull. Am. Assoc. Petrol. Geol., vol. 13 (1929) p. 913. 
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down in it. The source of these clastic sediments is problematical. Ex- 
posures are too scattered to yield more than a fragmentary record, and 
thus far they have afforded few clues as to the direction from which the 
clastics came. 

In the southern part of the region some of the clastics appear to have 
come from a nearby source. Conglomerates and sandstones in the Glass 
Mountains and at Shafter contain chert and limestone fragments derived 
from the folded rocks of the Llanoria geosyncline, and at Shafter in the 
lower part of the section are some fragments of crystalline rocks. These 
materials continue as high as the Word formation at Marathon, but at 
Shafter the Word equivalent (Cibolo of Udden) is a limestone. Siliceous 
shales are found in the Leonard, the Word, and the lower part of the 
Capitan formations in the Glass Mountains, and a relation has been sug- 
gested between them and the volcanics of the Las Delicias area.?*> Far- 
ther north is the great body of sandstone in the Delaware Mountain forma- 
tion. This appears to be coarsest in the Guadalupe Mountains and grows 
finer to the south in the Delaware Mountains, where it interfingers with 
limestone. This would suggest a northern source, but to the north the 
sand is absent, and most of the section is limestone. The red sediments 
derived from the erosion of the Wichita mountain system and the ances- 
tral Rocky Mountains do not extend as far south as this region, and it 
seems hardly likely that the sandstones of the Delaware Mountain forma- 
tion were derived from these uplifts. 

Van der Gracht *°° suggests that all the clastic sediments in the Delaware 
basin came from the southwest, from uplifts near or south of the entrance 
to the basin, and that they were transported to their site of deposition by 
afferent currents which entered the basin from the ocean. Many conflicts 
now appear to exist in the evidence, but these may be cleared up by further 
study, and the writer believes that this hypothesis is worthy of further 
consideration. 

The subsidence of the Delaware basin was probably greatest in its cen- 
ter, where the deposits appear to be thickest. It is probable that all of 
the basin subsided more than the surrounding areas, which may have 
been more or less stable. At many places along the margins of the basin 
the rocks are bent down toward it on monoclinal flexures, which separate 
the clastic deposits of the basin from limestone deposits nearby. In the 
vicinity of the margins of the basin, erosion of underlying beds and over- 
lap of higher beds is to be expected, but fairly definite evidence of such 


25 P, B. King: Geology of the Glass Mountains, Univ. Texas Bull. 3088 (1931) p. 69. 
20 Ww. A. J. M. van der Gracht: op. cit., p. 83. 
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a relation has thus far been reported only at the contact between the 
Bone Spring and the Delaware Mountain formations in the Guadalupe 
Mountains. 


LIMESTONE REEFS 


Limestone reefs or massive limestone deposits without reef form were 
apparently laid down for long distances along the margins of the Dela- 
ware basin, during the greater part of Permian time. 

Observations on the composition of the reefs, and of their marginal 
tongues and lenses, suggest that they are the direct result of the growth 
of lime-secreting organisms. In the Glass Mountains and the Sierra 
Diablo they contain massive varieties of algae, sponges, corals, and bryo- 
zoans, crinoids with large columns, thick-shelled brachiopods,”*’ and 
brachiopods with high and deformed cardinal areas. It has been noted 
that the relative abundance of the different members of the assemblage 
varies from place to place in the deposit, so that no single group may be 
described as the chief rock builder. Some parts of the massive limestone 
deposits do not show abundant organic remains, but as Cumings 7°* has 
pointed out, the organic remains in all limestone reefs tend to be de- 
stroyed shortly after deposition as a result of trituration by the waves, 
the work of boring animals, and by diagenetic alteration. 

Limestone reefs rose to a certain extent above the surrounding deposits, 
but in the writer’s opinion, they did not stand high. Projection of dips 
on the margins of the reefs in the lower part of the Permian suggests 
that they rose about 100 feet above the surface of the deposits of the Dela- 
ware basin. In the higher Permian (Capitan limestone) the inclined 
beds on the margins of the reefs suggest a height from 300 to more than 
500 feet. The writer doubts that they rose above the sea floor to the 
height of the present escarpments of reef limestone, and suggests that 
the present topographic relief is caused by successive building up of reef 
masses, later subsidence of the adjacent basin area, and less rapid ero- 
sion of the reef limestones than of the nearby deposits of the Delaware 
basin. 

The reefs had a great linear extent, and in the Sierra Diablo and the 
Guadalupe Mountains they can be traced for long distances. These linear 


27 W. J. Arkell: The Jurassic system in Great Britain, Oxford Univ. Press, London 
(1933) p. 561-562. Arkell has noted a similar relation between thick-shelled mollusks 
and coral reefs in the Corallian (Jurassic) of England. He points out that the reefs, an 
environment of strong currents and pounding surf, are not likely to be selected as a 
habitat by thin-shelled mollusks, and that if any did exist, their shells would probably be 
destroyed later by the waves. 

28. R. Cumings: Reefs or bioherms? Bull. Geol. Soc. Am., vol. 43 (1932) p. 336. 
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deposits formed a barrier at the margins of the Delaware basin, which 
separated the deposits of the basin from the bedded limestones laid down 
in adjacent areas. The limestone reefs of the Texas Permian are thus 
unlike the nearly circular masses described by Cumings and Shrock from 
the Niagaran of Indiana or the broad, thin coralline masses described in 
the Jurassic of England by Arkell.?°° 

In the west Texas Permian the relation of the limestone reefs to the 
beds beneath shows considerable diversity. The lowest reefs may have 
begun on the eroded surface of the Wolfcamp formation or of the Penn- 
sylvanian and older rocks, and the Capitan reef on the unconformity at 
the top of the Bone Spring limestone. Other reefs may have been caused 
by continuous growth upward or outward from these initial deposits. 
Some have, however, been built forward on the surface of the underlying 
sandy or shaly deposits of the Delaware basin. Still others are not 
joined to any reefs originating on an unconformity, but lie at a consider- 
able distance from such reefs; these are built on a surface of previously 
deposited limestones or shales. Vaughan and others have suggested that 
reefs can only arise on solid bottoms, and particularly on unconformable 
surfaces,?®° but the writer’s work on the Permian reefs and that of Cum- 
ings and Shrock on the Niagaran reefs of Indiana suggests that these 
reefs may also originate on the surface of previously deposited sediments. 

What caused the limestone reefs to develop at the places where they 
are now found? It seems unlikely that colonies of lime-secreting organ- 
isms gathered together at wholly fortuitous localities, for a reef fauna is 
specialized to life in a rather limited environment, controlled by the 
depth and purity of the water and by conditions affecting the solubility 
of calcium carbonate. The writer suggests that the reefs owe their ex- 
tent and position to structural features existing on the sea bottom at 
the time of their deposition. 

In many of the mountain areas described in this paper a close relation 
has been noted between the position of the reefs and the position of mono- 
clinal flexures. A typical example is shown in Figure 10 A. The 
opinion has been expressed that the flexures mark the boundary between 
the subsiding Delaware basin and the relatively stable surrounding areas, 
or between an area of fairly deep water and an area of shallow water. 
The upper part of the flexure would thus be nearer the level of wave action 
than the lower part, and calcium carbonate would be less soluble here 


29K. R. Cumings and R. R. Shrock: Niagaran coral reefs of Indiana and adjacent 
states, and their stratigraphic relations, Bull., Geol. Soc. Am., vol. 39 (1928) p. 579-620: 


W. J. Arkell: op. cit., p. 558. 
200 BE. R. Cumings: op. cit., p. 339. 
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than in the deeper and cooler waters of the basin. If, as has been sug- 
gested, currents flowed into the basin and out over its margins to supply 
dissolved salts to the areas of desiccation farther inland, it would seem 
that the flexures would be a favorable place for the deposition of lime- 
stone.”** If conditions were as favorable as this hypothesis would imply, 
these areas would be occupied by organisms adapted to a reef environ- 
ment, and their growth would determine the details of the form of the 
reefs. The broader outlines of the reefs and their general relation to 
other types of sediments would, however, be caused by structural features 
related to the margins of the subsiding Delaware basin. 


REGION OUTSIDE THE DELAWARE BASIN 


Extending for some miles away from the Delaware basin, behind the 
limestone reefs, thin-bedded limestones were deposited, and here fusu- 
linids appear to have been the chief forms of life. It is probable that the 
area in which these rocks were laid down was one of relatively quiet and 
shallow water, protected by the reef barriers. Conditions of deposition 
were perhaps somewhat similar to those which obtain in the lagoonal areas 
behind modern reefs, such as the broad area between the Great Barrier 
Reef and the shore of Australia.?®* 

The Permian reefs of west Texas were, however, separated by a much 
greater distance from any true shoreline than are modern reefs. To the 
northwest and west, marine limestones were laid down across New Mexico 
and Arizona during several epochs, and apparently were connected with 
the marine deposits of various areas of sea in the Cordilleran province. 
In early Permian time, marine deposits were laid down also for consider- 
able distances to the north and northeast of the Delaware basin, but in 
the higher Permian the marine beds give place, within short distances 
in this direction, to red beds and saline deposits. The red beds of the 
area were derived from distant uplifts, such as those in southern Okla- 
homa, and the saline deposits came from the evaporation of sea water, 
which intermittently overflowed the region from the basins of west Texas 
and from the marine areas of New Mexico. Thus, in Permian time there 
was in south-central United States a vast area of deposition, partly under 


261C, L. Baker: Depositional history of the red beds and saline residues of the Texas 
Permian, Univ. Texas Bull. 2901 (1929) p. 48-50. Baker has suggested that physical and 
chemical conditions favorable for the deposition of limestone existed at the meeting-place 
of the marine Permian waters and the supersaturated saline waters farther inland. He 
has expressed the belief that limestone deposition would take place here even without the 


aid of organisms. 
262 Rocks of this facies have been termed “lIagoonal deposits” by Lloyd, Crandall, and 


King. 
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marine and partly under continental conditions, subject to a variety of 
physical influences. In its southern part the Delaware basin and other 
depressions in west Texas occupied comparatively small areas. 


CORRELATION AND GEOLOGIC HISTORY IN THE DELAWARE BASIN 


In the earlier parts of this paper the geologic history of the various dis- 
tricts of trans-Pecos Texas during Permian time has been described, and 
correlations have been suggested with the events of this epoch in other 
areas. In reviewing the history of the Delaware basin and its environs 
as a whole, it is convenient to group the strata of the various districts 
into five broad units. These are summarized on Plate 107, but the correla- 
tions there suggested may be more or less modified by further field work 
and study of the fossils. 

The first, and oldest, division (division A, Pl. 107) was a time of transi- 
tion from Pennsylvanian to Permian. Mountain-making in late Penn- 
sylvanian time had, in trans-Pecos Texas, folded and overthrust the rocks 
of the Llanoria geosyncline, and gently warped the foreland area to the 
northwest. At most places in this region the first deposits of the divi- 
sion were laid down on the deeply eroded surface of the older rocks. 
The orogeny covered a far wider area than trans-Pecos Texas, and brought 
about great changes in geography and climate. During this division these 
changes apparently made their influence felt on the faunas and the floras. 

The later Pennsylvanian type of flora, adapted to moist climates, 
lingered on in places, but in others, Walchia and associated plants, adapted 
to an environment of drier climate, made their appearance. In most of 
the areas of marine deposition the brachiopods of the division are simi- 
lar to those in the Pennsylvanian, but they are greatly diminished in 
number, and there is an increase in the number of pelecypods and gastro- 
pods, which seem to have been better suited to changed conditions. In 
the Delaware basin of trans-Pecos Texas, as seen in the Wolfcamp forma- 
tion, more favorable conditions persisted, and here, associated with 
numerous brachiopod species characteristic of the Pennsylvanian, are 
found various types that foreshadow the Permian faunas above. A few 
species characteristic of the later Permian but of long range (such as 
Camarophoria venusta, Fig. 6 A) are found here, as well as primitive 
Aulosteges and the genera that gave rise to Leptodus and Prorichthofenia 
(Parakeyserlingina and Teguliferina). During this time the fusulinids, 
Schwagerina and Pseudofusulina, had a wide distribution. 

In the succeeding division (B, Pl. 107) Permian conditions had defi- 
nitely begun in trans-Pecos Texas. Depressions such as the Delaware basin, 
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which are characteristic of Permian sedimentation in the region, had taken 
form, and low limestone reefs grew about their margins. In the Glass 
Mountains the basin deposits of this time were siliceous shales with some 
coarser clastics (Leonard), but farther northwest, in the Delaware Moun- 
tains and the Sierra Diablo, they were largely black limestones and shales 
(Bone Spring). West of the Delaware basin, limestones were apparently 
laid down over a wide area at this time (upper part of Hueco). The 
fossils of this division are of typically Permian character, and few species 
of Pennsylvanian type persist. The strangely modified brachiopods Pro- 
richthofenia and Leptodus, the ammonoids Medlicottia and Perrinites, 
with complex suture, and the large fusulinid Parafusulina all make their 
appearance in this division. All the more familiar genera of brachiopods 
are represented by new species. 

In the next division (C, Pl. 107) limestone reefs apparently did not 
develop, but massive limestones without reef form were deposited at many 
places along the margins of the basin. In the Guadalupe Mountains, 
subsidence of the basin area bent down the older beds at the margin, and 
they were subjected to local erosion. In the Glass Mountains the basin 
deposits were siliceous shales (Word), but to the northwest, in the Dela- 
ware Mountains, great thicknesses of fine sandstone (lower part of Dela- 
ware Mountain) were laid down. In the Guadalupe Mountains and the 
Sierra Diablo the clastic deposits were apparently spread beyond the mar- 
gins of the basin as it had existed during the previous division. The 
fossils of this division and of the succeeding one form the typical Guada- 
lupian fauna, as originally described by Girty. Most of the faunal ele- 
ments first noted in division B continue into this division, but with more 
advanced development and with increasing departure from the Pennsyl- 
vanian types. Parafusulina reaches a large size, and among the ammo- 
noids is Waagenoceras, a more highly developed genus than the older mem- 
ber of the same family, Perrinites. 

In the following division (D, P]. 107) reef deposition reached its maxi- 
mum development. Great limestone masses were built up at the margins 
of the Delaware basin in the Glass and the Guadalupe mountains (Capi- 
tan limestone) and possibly at the same time in the Apache Mountains. 
Within the basin, siliceous shales and sandstones were deposited, and 
outside of it, bedded limestones. Farther north, in the Guadalupe 
Mountains, these change in turn into gypsum and red beds (lower part 
of Pecos formation). The fossils in the division form the later part 
of Girty’s Guadalupian fauna, and although they are still of Paleozoic 
character, they differ in many ways from other Carboniferous faunas in 
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North America. Some of these differences are perhaps caused by adapta- 
tion to a reef environment, but others are certainly due to the more ad- 
vanced stage of development of the fauna. 

The evidence which has been presented suggests that in the area of 
the Delaware basin there was a progression of genera and species from 
types scarcely distinguishable from those of the Pennsylvanian below, 
into unique and highly specialized forms in these highest fossiliferous 
strata. As the area in which a rich marine life could exist became 
progressively more restricted during Permian time, the Guadalupian 
fauna existed in a relatively small district in the United States, and the 
rocks that contain it change laterally into strata that are either unfos- 
siliferous or that contain fossils adapted to a much less favorable environ- 
ment. The Guadalupian fauna was explained by Girty as either younger 
than the Carboniferous faunas elsewhere in the United States (and there- 
fore presumably of Permian age) or “a regional matter, denoting not time 
relations but geographic relations.” *** This discussion suggests that, in 
explaining the character and distribution of this fauna, both of Girty’s 
hypotheses must be taken into account. 

After division D, the Delaware basin was cut off from free access to 
the sea, and marine conditions ceased. In the last divsion (E, Pl. 107) 
the basin continued to subside, but it was filled with anhydrite, gypsum, 
salt, and other products of desiccation, with occasional layers of red beds 
(Castile and others). During the earlier part of the division these strata 
were laid down only within the area of the Delaware basin, but later on 
they were spread far to the northeast and north of its margins. Fossils 
are extremely scarce, but a few poorly preserved pelecypods and gastropods 
have been found in the dolomitic limestones of the division. The Bissett 
conglomerate, possibly of this age, has also yielded a flora of Paleozoic 
aspect, which includes the genus Calamites. 
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INTRODUCTION 


In August, 1903, B. Glanvill Corney, Chief Medical Officer of Fiji, pre- 
sented to the trustees of the British Museum a large fossil sea-urchin 
found near Suva. The specimen showed many features of interest. It 
was the first echinoderm known from any of the marine deposits of the 
Fiji archipelago. It was clearly related to the fossil from the Radio- 
larian Marls of Barbados described by J. W. Gregory? as Cystechinus 
crassus. Being, like that echinoid, a member of the Echinocorythidae 
(sensu lato) with the deep-sea characters common in that family fairly 
well marked, it might be expected to throw light on the elevation of the 


iJ. W. Gregory: Cystechinus crassus ... from the Radiolarian Marls of Barbados, 
Geol. Soc., Quart. Jour., vol. 45 (1889) p. 640-650. 
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islands. Consequently, permission to describe it was obtained from the 
Keeper of Geology. 

The task undertaken proved greater than was expected. It involved 
detailed description of the specimen, redescription of Cystechinus crassus, 
comparison of the two species with other deep-sea Echinocorythids, in 
which the specimens dredged by H. M. S. “Challenger” were kindly made 
available by the Keeper of Zoology in the British Museum, and finally a 
study of all the work previously published on the geology of the Fiji 
islands. 

Delay in publication due to the War and other engagements was really 
fortunate, for since then Harry 8S, Ladd has obtained the loan of eight 
additional specimens, and the British Museum has borrowed two others. 
These permit a more complete description, while Ladd’s field studies of 
the geology have furnished more certain information than could be gleaned 
from writings hitherto published. lLadd’s report, now in press, will ap- 
pear as a bulletin of the Bishop Museum in Honolulu; meanwhile, he 
has been good enough to supply through correspondence facts bearing on 
this paper. 

Examination of the material previously accessible soon led to the con- 
clusion that these large fossil echinoids from Suva and Barbados did not 
belong to Cystechinus, and, through inadvertence, by 1907, if not before, 
the manuscript label name Chelonechinus got into print. Fortunately, 
this name remains available and is validated by the present paper. 

A specimen from Java, sent by the late F. Drevermann from the Senck- 
enberg Museum, is also described and referred to this genus provisionally. 

An example of Sanchezaster from the Oligocene of Cuba, lent by R. T. 
Jackson, has yielded some new information concerning that somewhat 
similar genus. 

Thanks are offered to all those colleagues mentioned above, to others 
whose help will be acknowledged later, and to the National Academy of 
Sciences, which made a grant from its Marsh Fund to pay for the line 
drawings. 

AGE AND CONDITIONS OF DEPOSIT 


The geological interest of the echinoids here described depends on the 
age and the nature of the rocks in which they occur. Gregory inferred 
from the affinities of Cystechinus crassus that the Radiolarian Marls of 
Barbados were abyssal in origin and not older than Pliocene. That in- 
volved the elevation of the island from great oceanic depths in Pliocene 
or later times. Since, as will be shown, the Fijian and the Javan echi- 
noids are closely related to the Barbadian, all three falling into a single 
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genus, the evidence from Viti Levu has an important bearing on the 
geologic problem. The biological arguments must follow the detailed 
description of the species; it is enough to say here that the structure 
of the tests does not necessarily imply an abyssal habitat. 

In lithologic character, the marls of Cuba, the soapstone of Suva, and 
the matrix of the Javan Chelonechinus, are all somewhat similar to the 
Radiolarian Marls of Barbados. They indicate a fine foraminiferal or 
radiolarian ooze, deposited slowly and continuously in quiet water, for 
there are no traces of normal or current bedding. To slowness of deposi- 
tion may be due a curious feature of some specimens of Chelonechinus 
suvae (notably L2 and L4) in that all trace of the adapical plates has 
disappeared, possibly by solution before they were fully embedded. The 
only terrigenous constituents observed in the actual matrix are fine parti- 
cles of volcanic rock. This is brought out in the following report on the 
matrix of the Suva specimens, kindly furnished by W. Campbell Smith. 
Although the “soapstone” presumably owes its name to the smooth feel 
induced by fineness of grain, there are, it will be noted, perceptible dif- 
ferences in this respect. The station-numbers quoted here and elsewhere 
are those used by Ladd in his maps and report on Viti Levu. 

“The inorganic basis of these rocks,” says Campbell-Swith, “is very 
fine-grained ‘clayey’ matter, consisting, in part at least, of extremely 
fine micaceous material. With this is mixed a small percentage of 
felspar (plagioclase), and still smaller amounts of hornblende and 
pyroxene. The diameter of the grains averages 0.015 mm. in L5 (Turner 
Place, Stn. 305) and L7 (Waimanu Rd., Stn. 374), and 0.045 mm. with 
occasional 0.09 mm. in L8 (Waimanu Rd., Stn. 374), but is coarser, 
averaging 0.08 mm.), in S1 (Walu Bay). These grains are such as could 
have been contributed by falls of voleanic dust. The organic constituents 
seem to be mainly fragments of foraminifera. They form a quite con- 
siderable percentage in L7 and 8 (Waimanu Rd., Stn. 374) and S1, but 
are absent from L5 (Turner Place, Stn. 305).” 


As the volcanic dust was carried by wind, the deposition may have been 
at a distance from land. Contrary evidence as regards the Suva soap- 
stone, according to Ladd (in litt.) is afforded by “leaves, stems, and fruits 
of land-plants, molds of the shells of rock-clinging limpets, and a re- 
markably well-preserved bird egg.” 

In considering the depth at which the rocks were deposited, to adduce 
the evidence of the echinoids at this stage would be to beg the question. 
Other facts must be considered. Radiolarian marls are usually regarded 
as deep-sea deposits, and those of Barbados in particular, forming part 
of that island’s “Oceanic Series,” have even been looked on as abyssal. 
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Matley,? however, claims that A. Beeby Thompson’s estimate of their 
thickness at one point as “up to 2,000 feet or more” throws great doubt 
on their deep-water origin. ‘Trechmann,* on the other hand, thinks that 
“tilting or thrusting may help to account for the abnormal thickening 
of the Oceanics here, or possibly deposition on a shelf.” Fossils, according 
to Trechmann,*‘ are rare in the Oceanic Series except at one or two locali- 
ties. An outlier at Bissex Hill “seems to indicate a somewhat shallow- 
water phase” ; it comprises some thin beds of limestone made up of small 
fossils: “Globigerinae, echinoderm spines, small turbinate corals, shark’s 
teeth, etc.”—not a conclusive list either way, and it does not refer to the 
actual Radiolarian Marls. 

The Fiji soapstone forms part of the Suva formation, which, says Ladd 
(in litt.), “is the youngest of several Neogene formations that blanket the 
island’s core of pre-Tertiary crystalline rocks. It consists of a thick series 
of basic pyroclastics with which are associated minor amounts of lime- 
stone, marl, and conglomerate. The type section of this formation is 
located in the town of Suva on the southeast coast of Vitilevu, the largest 
island of the Fijian group .... The echinoids were found in marl (“soap- 
stone”) beds rich in Globigerina and other smaller foraminifera. The 
smaller foraminifera considered alone suggest a considerable depth of 
water, but with the foraminifera and the echinoids were found other 
fossils suggestive of shallow water [namely, the plant-remains, limpets, 
and egg already cited]. Furthermore in the type section lies a lenticular 
mass of coralliferous limestone in which many heads of reef corals are 
still in their original positions of growth. It seems clear, therefore, that 
the echinoid-bearing marl beds in the vicinity of Suva were laid down 
in comparatively shallow water.” 

These statements point to great change in conditions after the deposi- 
tion of the soapstone, but they do not necessarily prove the shallow- 
water origin of that rock. Pre-War writings on Fijian geology are ex- 
traordinarily obscure, conflicting, and inconsistent, at least when referring 
to the soapstone ; but they agree in admitting positive and negative move- 
ments to the extent of several thousand feet during Post-Cretaceous time. 
Considering the amount of volcanic action, one may surmise that the 
change was sometimes rapid. Observations by E. C. Andrews *® suggest 
a gradual, although not necessarily a very slow, elevation. He wrote, 


*C. A. Matley: The Old Basement of Barbados; with some remarks on Barbadian 
geology, Geol. Mag., vol. 69 (1932) p. 366-373. 

*C. T. Trechmann: The uplift of Barbados, Geol. Mag., vol. 70 (1933) p. 42. 

“C,. T. Trechmann: The Scotland beds of Barbados, Geol. Mag., vol. 62 (1925) p. 482. 

5K. C. Andrews: Notes on the limestones and general geology of the Fiji Islands, with 
special reference to the Lau Group, Mus. Comp. Zool., Harvard, Bull., vol. 88 (1900). 
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“On the west side of Suva harbour [Walu Bay] beds occur that pass 
gradually from soapstone to a sandy limestone rock. There is no sharp 
line of demarcation.” 

Woolnough * concluded that in older Tertiary time, subsidence pre- 
dominated in the Fiji area, the subsidence at Drau in Viti Levu carrying 
the island at least a thousand feet farther below the sea than it is at 
present. During this period the soapstone was deposited. In late Caino- 
zoic time, elevation set in, accompanied by violent volcanic action. C. T. 
Matley* says that the echinoids “come from the soapstones associated 
with the shallow-water and conglomeratic limestone of Walu Bay and 
are clearly not of deep-sea origin”; but here again there is no real evi- 
dence that the soapstone was formed at the same depth as the conglomerate. 
Nor, indeed, does a conglomerate in such a situation inevitably imply 
shallow water. 

Let us consider some facts of the present day. In the neighbourhood 
of Suva there are plenty of soundings up to 200 fathoms within a mile 
of coral banks and reefs, and the British Admiralty charts show coral 
detritus mingled with foraminiferal ooze in several such situations. It 
is true that “coral sand” sometimes contains no coral elements. But 
so precipitously do the shores slope down to depths of about 2,000 fathoms 
that sudden local torrents or burstings of barriers may well carry material 
of shallow-water or land origin into abyssal depths. Even ordinary ebb- 
tide currents attain a velocity of five knots,® and the R. Singatoka runs 
to nine knots at its mouth. Thus “coral” is mixed with “yellow brown 
ooze” at a depth of 1950 fathoms, fully 60 miles from the nearest land; 
while close to the small volcanic island of Matuku “stones” occur in 
975 fathoms. A sinking of Viti Levu in its present shape to the extent 
of 200 fathoms or more would not render this argument less forcible, 
as high mountains spring rapidly from the coastline and would yield 
a supply of water-worn pebbles, while affording, as in the past, a foot- 
hold for coral growth and a source of volcanic ejecta. 

The various accounts of the Suva section, including that of Ladd, are 
entirely consistent with conditions generally resembling those of the 
present day, and it is therefore possible for the soapstone to have been 
formed in deep water and yet to have received the plant remains and 
shells of shallow-water fossils. A rock-clinging limpet obviously did not 


¢W. G. Woolnough: The continental origin of Fiji (preliminary abstr.) Linn. Soc. 
N. S. Wales, Proc. (1903). 

7C. A. Matley and A. M. Davies: Some observations on the geology of Viti Levu, Geol. 
Mag., vol. 64 (1927) p. 69. 

8 Alexander Agassiz: The islands and coral reefs of Fiji, Mus. Comp. Zool., Harvard, 
Bull., vol. 33 (1899) p. 139. 
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cling to the ooze, and however the bird’s egg got into the water it affords 
no evidence of the depth to which it sank. The foraminifera recorded 
from the soapstone by H. B. Brady,® although including no definitely 
deep-sea species, are all such as might live above any depth of water. 
It may be added that the “carapaces and plastra of turtles” mentioned 
by Andrews *° as “unearthed from the Suva stone” appear from subse- 
quent inquiry to have been the echinoids now under discussion. In fact, 
the holotype of Chelonechinus suvae was handed to Corney as a fossil 
tortoise, and the Barbados echinoid bears the original label, “Fossil re- 
sembling a turtle, imbedded in clay, etc.” 

An attempt to weigh the evidence for the shallow-water origin of the 
rocks in which Chelonechinus occurs shows that it is inconclusive. Due 
regard must be made to the opinions of those who have actually visited 
the localities, but even those opinions vary. On the whole, the balance 
of both evidence and opinion is against any depth that could be de- 
scribed as abyssal, such as 2000 fathoms, but a depth between 500 and 
1000 fathoms seems quite possible. This conclusion leaves us at liberty 
to consider later the bearing of the echinoids themselves on this question. 

We turn now to the age of the rocks containing Chelonechinus. There 
has been a curious uncertainty about each of them. For that of Java 
there is no direct evidence; the matrix is not known in situ. Trech- 
mann ” still hesitates to say whether the Radiolarian Marls of Barbados 
are Pliocene or Miocene. Gregory thought they could not be older than 
Pliocene because C’. crassus was so like Recent Urechinids; but it will 
be shown that it also resembles genera of age greater even than Miocene. 

As for the Suva soapstone, opinion has ranged from early Tertiary 
to Recent. From a study of the Foraminifera, H. B. Brady ** concluded 
that “there need not be the slightest hesitation in assuming the Post- 
Tertiary origin of the deposits.... Judging from its general facies, the 
Rhizopod fauna is one that I should expect to find in a deposit forming 
at from 150 to 200 fathoms (more rather than less) in the neighborhood 
of any of the volcanic islands of the Pacific.” 

It may be pointed out that his material was obtained from three dif- 
ferent exposures: (1) at sea level, (2) at least 100 feet higher, (3) “from 
an intermediate point”; and that the most noteworthy form detected was 
Ellipsoidina ellipsoides var. oblonga Seguenza, “the representative of a 


°H. B. Brady: Note on the so-called “Soapstone” of Fiji, Geol. Soc., Quart. Jour., vol. 
44 (1888) p. 1-10. 

2K. C. Andrews: op cit., p. 44. 

uC. T. Trechmann: The Scotland beds of Barbados, Geol. Mag., vol. 62 (1925) p. 482; 
The uplift of Barbados, Geol. Mag., vol. 70 (1933) p. 41. 

12H. B. Brady : op. cit. 
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genus,” he wrote, “for which I have been searching nearly twenty years, 
and hitherto known only by specimens obtained by Prof. Seguenza from 
the Miocene rocks in the immediate vicinity of Messina.” This came 
from exposure No. 1. 

From an analysis of Brady’s list, kindly prepared by my colleague, 
W. D. Lang, in 1904, it appears that a large proportion of the species 
go back to the Miocene or earlier. R. Holland, however, was then of 
the opinion that more importance should be attached to the general facies 
of the assemblage, and the relative numbers of individuals. Evidence of 
this nature was not adduced by Brady, although, of course, it was before 
him, and Holland, who was good enough to examine some of the matrix 
of Chelonechinus suvae, inclined to agree with Brady. On the other hand, 
this matrix cannot be treated by washing on a sieve, which Brady gives 
as the method successful with his samples, so that we may not be dealing 
with quite the same bed. The level of our specimen would most nearly 
correspond to that of Brady’s sample I. T. Wayland Vaughan (in litt. 
March 15, 1927) thinks that Brady’s list “does not prove that the deposit 
from which the foraminifera came is of recent geologic age.” 

Three lines of argument bear on the age of the soapstone; first, its 
fossil contents ; second, its stratigraphic relation to the other rocks of the 
archipelago; third, the fossil contents of those other rocks. 

The evidence from fossil contents of the soapstone had not until re- 
cently been presented clearly, except by Brady. It is noteworthy that 
his conclusion, otherwise unacceptable, is supported by the occurrence 
of a cirripede determined by Withers as of a Recent species (p. 875). 
Other evidence from the soapstone itself is unsatisfactory. 

The stratigraphical position of the soapstone has in the past been sub- 
ject to considerable doubt, due probably to the deposition of the various 
beds on the sloping shores of an oscillating island. By about 1904, how- 
ever, it had become clear that the soapstone preceded, if it did not actually 
underlie, a considerable thickness of rock, clastic and organic as well as 
igneous, and that since its deposition a sinking of the land by over 1000 
feet, followed by its raising to double that amount, had taken place, 
and a period of volcanic activity producing andesitic eruptions had been 
followed by another with basaltic eruptions. The magnitude of these 
changes inclined one to accept the view that the soapstone was not later 
than Miocene. 

Until recently the most definite bit of fossil evidence from the other 
rocks was the record by Sherlock ** of Orbitoides sumatrensis Brady from 


1%. L. Sherlock: The Foraminifera and other organisms in the raised reefs of Fiji, 
Mus. Comp. Zool., Harvard, Bull., vol. 88 (1903) p. 351. 
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limestone 310 feet above sea level on Mango Island. On page 353 the 
same genus was said to have been found on Manuka Island of the Lau 
group, in limestone 30 feet above sea level. The identification, confirmed 
by A. Vaughan Jennings, by F. Chapman, and after the specimens came 
to the British Museum, by R. Holland, is conclusive as to the Miocene 
age of the rock in which the fossil occurs. Andrews ** gave a general 
section of Mango, showing a small exposure of soapstone, which he be- 
lieved to underlie the rock from which, in another part of the island, 
the Orbitoides was obtained. If this belief was correct, and if the Mango 
soapstone is contemporaneous with that of Suva (two degrees to the 
East), then the Suva bed is not post-Miocene, and might even be pre- 
Miocene. 

With so much depending on a couple of “ifs,” it is satisfactory to 
have the recent work of Mansfield,** Matley and Davis,’® and, above all, 
Ladd, whose complete report was to have been accompanied by the present 
paper. Matley and Davis consider that the soapstones are probably not 
later than Lower Miocene. The type-section of the Suva formation has, 
according to Ladd (in litt.), “yielded numerous fossils, notably foramini- 
fera and mollusks, which indicate rather definitely that it may be corre- 
lated with the ‘Upper Miocene’ of the East Indian sections.” Yabe, 
Aoki, and Hanzawa’*’ refer to the elevated limestone of Suva to the 
Miocene. 

To sum up, the Suva formation appears to be a composite some of 
which may have been deposited in quite shallow water, but the foramini- 
feral tuff or marl (“soapstone” in a lithological sense) was probably 
laid down slowly in water, not less than 150 fathoms deep, and possibly 
much deeper. The date of its deposition was certainly Neogene, probably 
Miocene, although the precise level in the Miocene is undecided. 


MATERIAL STUDIED 


In the following list the letters and the numerals are, except for the 
British Museum register numbers, purely provisional and are intended 
for reference in the subsequent description. The station-numbers, as 
previously explained, are those of Ladd, to whom several other details 
are due. 


4 C. Andrews: op. cit. 

15 W. C. Mansfield : Fossils from quarries near Suva, Viti Levu (Fiji Islands), and from 
Vavas (Tonga Islands), with annotated bibliography of the geology of the Fiji Islands, 
Carnegie Inst., Washington, Publ. 344 (1926) p. 85-104. 

16C, A. Matley and A. M. Davies: op. cit., p. 65-75. 

17H. Yabe, R. Aoki, and S. Hanzawa: Miocene age of the elevated limestone of Suva, 
Viti Levu, Fiji Islands, Third Pan-Pacific Sci. Cong., Tokyo, Proc., vol. 2 (1926) p. 1813- 
1817. 
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CHELONECHINUS SUVAE, N.G. ET SP. 


All specimens are from the neighbourhood of Suva, on Viti Levu, Fiji 
Islands, and occur in the marl of the Suva formation known locally as 
“soapstone” and believed, on the evidence of other fossils, to be of Neogene 


age. 


British Museum 


E 4708. Holotype. Found during removal of a knoll, 15 feet above high- 
water mark and 40 yards from the beach. Presented by B. Glanvill 
Corney, August, 1903. (Pls. 108, 109, and Figs. 1, 4, 8.) 


The specimen on arrival was imbedded by its base in soapstone but 
clearly showed the ad-apical part of the test, with some adherent plates. 
As the matrix dried, it cracked, and the specimen broke into several 
pieces. A cast of it had been taken, so this did not greatly matter, and 
it had the happy result of exposing the interior of the adoral face, which 
previously was entirely hidden. 


University of Sydney 


S 1. “Echinus near Walu Bay, Suva, Fiji.’ No further information. 
Transmitted by Cotton, October, 1926. 
About one-fifth of the adapical surface, mostly as an internal cast, 
but with a few sunken or imbedded plates. 
S 2. Same details as S 1. 
Two fragments which fit together to form the internal cast of about 
one-fifth of the adapical surface, bearing a few plates. 
The matrix of S 1 and S 2 is more sandy than the usual soapstone, 
and has some iron-stained spots. 


Fiji Museum, Suva 


L 1. Marl. Corner of Mark Street and Waimanu Road (Stn. 374). Col- 
lected by Hon. Henry Marks some years ago, when workmen cut 
through a bluff in the heart of Suva. Fossils were obtained from a 
horizon 30 feet above sea level and 40 feet below the top of the bluff. 
A shark’s tooth, probably Carcharodon megalodon Agassiz, was found 
at about the same horizon several rods away. Transmitted by H. S. 
Ladd, February, 1927. (Figs. 2, 5.) 

About one-quarter of a large individual with large plates, of which 
many are preserved. The columns are part of IV, 4, V, and 5a. The 
corresponding plates of the apical system also are seen. 

Matrix rather coarse, with small cavities. 

L 6. Same detail asL1. Transmitted by H. S. Ladd, November, 1928. 

A fragment, varnished, with some plates; since broken into two 
pieces, of which one has been prepared to expose the plates; the other 
is mainly the external imprint of a few plates. 

Matrix slightly coarse; of a pinkish yellow grey. 

L 7. Same details as L 6. 

— portion of the apical surface, crushed, brushed, and var- 
nished. 

Matrix a pale yellowish grey. 
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BULL. GEOL. SOC. AM. VOL. 45, 1934, PL. 109 


A. Ornament of fine miliaries, X 60 diameter. Photo by H. W. Burrows. 


on 


B. Pore of plate Vb2. (Left) from outside; note regular epistereom. 

X 20 diameter. (Right) from inside with the groove of the water- 

vessel leading to it. Note faint indication of the vanished septum, 
also the irregular hypostereom. X 20 diameter. F. A. B. del. 


CHELONECHINUS SUVAE. E. 4708 


E 


BULL. GEOL. SOC. AM. VOL. 45, 1934, PL. 110 


CHELONECHINUS SUVAE. L.5 


Ornament of miliaries on interambulacral 5a9 (third plate above periproct), X 9 diameter. 
Measurements of plate 16.0 millimeter X 18.0 millimeter, 0.7 millimeter thick. 
Photo by E. J. Manly. 
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L 8. Same details as L 6. (Fig. 7.) 
Three fragments of an internal mould, which fit together. It bears 


imprints of a cirripede, which apparently was sessile on the echinoid 
test; one complete example found in the matrix is identified by T. H. 
Withers as Verruca capsula Hoek. 

Matrix grey and so fine that the imprints display the surface 
micro-pattern of the plates. 


Lent by Percy Turner 


L 2. Marl series. About 1%, miles S.S.E. of Suva Post Office. 

(Stn. 305.) Old quarry-face on left bank of creek which enters 
sea near tip of Suva Point. 12 feet exposed, the base lying 3 feet 
above high-tide level. Collected by late J. B. Turner. Transmitted 
by H. S. Ladd, February, 1927. (Fig. 9.) 

Internal cast of a large individual, with the apical region cut off, 
but the rest fairly complete. 

L 3. Same details as L 2. Received February, 1927. (Figs. 3, 6, 11.) 

A relatively small individual with adoral face and right side fairly 
well shown, but the apex and most of the left side crushed and buried 
in matrix. A few plates preserved. 

L 4. Same details as L 2. Received January, 1929. (Figs. 10, 12.) 

Similar in size and preservation to L. 2. 

L 5. Same details as L 2. Received January, 1929. (Pl. 110.) 

An internal cast intermediate in size between L. 2 and 4 and L. 3; 
with both apical and adoral regions crushed and imbedded in matrix. 
A few plates well preserved. 

L 2 to 5 were varnished, which perhaps had preserved them but 
did not promote their study. The matrix appears to be of a greyish- 
greenish yellow, slightly sandy, with smooth fracture. 


CHELONECHINUS CRASSUS (GREGORY) 


British Museum 


E 318. Holotype. Pliocene(?) Marl. 166 feet deep. Haynesfield, Bar- 
bados. Presented by G. E. Thomas, Esq., July, 1883. 
Described by J. W. Gregory “ as Cystechinus. (Figs. 13, 14, 15.) 
Apical surface only, crushed. 


CHELONECHINUS (?) JAVANENSIS N. SP. 
Senckenbergisches Museum, Frankfurt a/M. 


207. Found in the fork of a tree-branch, in a burial-ground near Gem- 
borg, Middle Java. (Fig. 16.) 

The specimen, which approximates to L 3 in size, has been pared 
down with a knife except where the actual plates are preserved; 
these number 35 and constitute six columns from the apical surface, 
but do not (apparently) reach the apex. 

The matrix, which outwardly resembles some of the Fiji soap- 
stone, is thus described by W. Campbell Smith: 

“This seems to be more calcareous, but otherwise resembles the Fiji 
samples. It contains abundant ‘clayey’ material and a small per- 
centage of grains of feldspar (andesine-labradorite) and pyroxene, 
the largest of which are about 0.06 mm. in diameter.” 


1% J. W. Gregory: Cystechinus crassus ... from the Radiolarian Marls of Barbados, 
Geol. Soc., Quart. Jour., vol. 45 (1889) p. 643. 
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DESCRIPTION OF THE SPECIMENS 
TERMINOLOGY 


Consideration of the precise systematic position of the species and the 
construction of diagnoses or definitions involve so much discussion that 
it is preferable to proceed at once to the detailed description. 

Lovén’s notation is adopted for the plates of the test; i. e., the echinoid 
being viewed with its mouth upwards and the posterior interradius away 


FicurRE 1.—Apical surface of Chelone- 
chinus survae, E 4708 


The plates of the apical system are 
shaded diagonally, oculars from NE to 
SW, genitals from NW to SE. x 2/3 
diameter. This and similar diagrams of 
this species and of C. javanensis are 
copied from photographs of white plaster 
casts of the specimens on which the 
suture-lines have been marked with In- 
dia ink; a dotted line indicates that the 
suture is not distinct. Plates that have 
been thrust over others have a dotted 
shadow on one side. 


lacral next the apical system (i. e., not the ocular itself) in the right-hand 
column of the anterior ambulacrum is denoted by IIIa-1. 

These notations generally obviate the use of the terms, “right” and 
“left,” except in reference to the test in its natural position; i. e., with 
mouth downward and the periproct next the observer; or if the mouth 
be upward, thus with the periproct away from the observer. As the 
oral face is usually drawn, with the periproct next the observer, then 
the animal’s right is on the reader’s left; if, however, the oral face be 


from the observer, the ambulacra 
are numbered in a clockwise direc- 
tion: I, right posterior; II, right 
anterior; III, anterior; IV, left 
anterior; V, left posterior. The 
interambulacra are numbered: 1, 
right posterior ; 2, right anterior ; 
3, left anterior; 4, left posterior ; 
5, posterior. II, III, IV are the 
trivium ; I, V are the bivium. 

The columns of ambulacrals and 
interambulacrals in each meridian 
are distinguished as a and }, 6 fol- 
lowing a clockwise. In each col- 
umn the plates are numbered 
1, 2, 8, etc., starting from the 
peristome margin. In these fos- 
sils the oral surface is not always 
preserved, or if present is not fully 
connected with the apical surface, 
so a system of negatives number- 
ing from the apical system has 
been introduced: thus the ambu- 
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viewed from the interior of the test, as in E 4708 (Pl. 108), then the 
animal’s right corresponds with the reader’s right. In external imprints, 
also, “right” and “left” are reversed, but there is none of moment in 
our material. 

The term, “ambitus,” being restricted to the equatorial circumference 
—in other words, to the extreme periphery of the test as viewed from 
above or below—the term, “margin,” is here applied to the more or less 
defined edge of the oral surface. The ambitus may coincide with the 
margin, but in Chelonechinus, as is frequent in Echinocorythide, it is 
nearer the apical pole. 


CHELONECHINUS SUVAE#* N. SP. 
Shape and measurements 


Ambital outline subovoid; the term, “ovoid,” connotes greater width in the 
anterior half than in the posterior, but here the greatest width is little, if at 
all, in front of the center. Anterior margin, on Amb. III, flattened (E. 4708, 
L 3, 4,5, 7) or faintly suleate (L2). The faintest possible tendency to a poste- 
rior vertical ridge appears in L 2 and L 8, but may be due to crushing, such as is 
obvious in L 5. In E 4708, on the contrary i. Amb. 5 has been slightly indented 
on the ambitus. Both appearances may arise from a line of weakness in the 
posterior meridian, due partly to the anal opening, partly to the relative 
straightness of the suture-line between columns 5a and 50. 

Whereas L 2, 3, 4, and 5 are fairly symmetrical, in E. 4708, owing partly to 
a natural inequality of growth and partly perhaps to slight lateral crushing, 
the long axis corresponds, not with the antero-posterior axis, but more nearly 
with a line drawn through radius II and interradius 4. Thus, the trivium ap- 
pears as though pushed towards the left, so that radius III is not in line with 
either interradius 5 or the axis of the apical system; the latter axis, if pro- 
duced, passes down the right side of III and, to a less extent, the left side of 
5 (Pl. 108). 

In L 4 the oro-anal axis lies about 5 millimeters to the left of the structural 
mid-line of the plastron; (Fig. 10) in L 2 and L 8 it lies slightly to the left 
(Figs. 9,11). See description of plastron (p. 824). 

Test domed (Figs. 4, 5, 6), the supra-ambital curve, as viewed from any side, 
approaching a semicircle (E 4708, L 3, L 7). The ambitus in E 4708 lies at 
about the sixth plate from the apical system ; below it the sides curve gently in- 
wards, and at about the eighth plate bend sharply into the flat undersurface. 
The distance of approximately two full plates between ambitus and margin is 
maintained in L 2, L 3, L 4, and L 5; but, as the apex of those specimens is not 
visible, the number of plates cannot be determined; it can only be seen that 
in the small individual L 3 the respective numbers were not less than eight and 
ten. The margin is not seen clearly in E 4708, because the plates of the under- 
surface have been almost in a body broken away frour the sides and pressed 
inward to the level of the ambitus, or higher. The equable rounding of the 
test between ambitus and margin is best shown in L 4; in the other specimens 
there has been more or less downward crushing. The plates themselves are 
slightly curved, so that the curve of the test is somewhat angular. Appearance 
of overlap in this region is only occasional] and is probably due to post-mortem 
crushing. 


* For diagnosis, see p. 861. 
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Measurements of General Form in Millimeters 


Antero-pos- Transverse 
terior diameter diameter Height 

eee 133.0 142.0 ca. 80.0 

97.5 95.0 ca. 66.0 (estimated) 

ca. 128.0 ca. 116.0 


These measurements are stated only to half-millimeters to avoid an appear- 
ance of precision that cannot be attained on such material. 

In E 4708, owing to the distortion already mentioned, the diameter along 
radius II and interradius 4 is 147 millimeters, and the diameter at right angles 
to this; viz. I to III/3, is 134 millimeters. Clearly, the normal ratio of length 
to breadth is better expressed by specimens L 2, 3, 4. The average ratio in 
L 2, 3, 4, 5, 7 is 1000: 958; the mean ratio is 100: 953. 

The greatest width of the test lies at from three to seven millimeters in front 
of the mid-distance, but the width at mid-distance is only about .5 millimeter 
less. 

In L 1 the height of 133 millimeters estimated from the portion preserved may 
be exaggerated by lateral flattening of the fragment; the height calculated by 
comparing the size of the plates with those of L 3 lies between 107 and 112 
millimeters. The height of L 2, by comparison with E 4708, would be 92.5 milli- 
meters. L 1 was certainly the largest of the individuals represented, and it 
seems safe to assign to it at least the following measurements: length, 170 
millimeters; width, 165 millimeters; height, 110 millimeters. The flexible 
Echinothurids often attain a greater diameter than this: the holotype of Echino- 
soma hoplacantha (Wyv. Thomson) is 312 millimeters in diameter”; the 
height is not mentioned but would be about one-third the diameter. Sperosoma 
giganteum Agassiz and Clark™ is 320 millimeters in diameter. This is ex- 
ceeded only by the flexible Lepidesthid, Fournierechinus deneensis Jackson™ 
(1929), which may reach 360 millimeters. Among Spatangids, H. L. Clark * 
records a Meoma ventricosa 188 millimeters long, 158 millimeters wide, and 100 
millimeters high, and notes that the height is relatively greater than usual; he 
also notes * a Metalia sternalis 182 millimeters by 160 millimeters by 110 milli- 
meters, approximately the same size as our L 1. The Recent meridosternate 
Spatangoids of the deep sea, to which Chelonechinus is most nearly allied, are 
for the most part known from fragmentary specimens, but probably none ex- 
eceds one-quarter the length of L 1. The fossil Echinocorythidae, some of 
which approach Chelonechinus in structure, often attain large size although not 


12° H. L. Clark: A catalogue of the Recent sea-urchins (Echinoidea) in the collection of 
the British Museum (Natural History), vol. 28 (1925) p. 55. 

2 Alexander Agassiz and H. L. Clark: Hawaiian and other Pacific Echini. The Echino- 
thuridae, Mus. Comp. Zool., Harvard, Mem., vol. 34 (1909) p. 135-203. 

2 R. T. Jackson: Paleozoic Echini of Belgium, Mus. Hist, Nat. Belgique, Mem., no. 38 
(1929) 96 pages. 

2H. L. Clark: A catalogue of the Recent sea-urchins (Echinoidea) in the collection of 
the British Museum (Natural History), vol. 28 (1925) p. 221. 
2 Op. cit., p. 217. 
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nearly so large as the specimens just mentioned. Thus, J. Lambert™ cites an 
Echinocorys gibbus, var. maxima, from the upper part of the Actinocamaz qua- 
dratus zone, 100 millimeters by 87 millimeters, by 78 millimeters; an Z. ovatus, 
probably from the zone of Belemnitella mucronata, 100 millimeters by 80 milli- 
meters, by 78 millimeters; and EH. mattsensis, from Eocene, 104 millimeters by 
85 millimeters, by 54 millimeters. Among this family the nearest in size, and 
perhaps in structure, is Sanchezaster habanensis Lambert,” Oligocene, Cuba, 
of which the measurements in two specimens are: 147 millimeters by 123 milli- 
— by 42 millimeters, and 114 millimeters by 133 millimeters, by 36 milli- 
meters. 
It thus appears that Chelonechinus suvae, and in less degree 0. crassus (vide 
infra), is among the largest known echinoids, if the great flexible genera be 
placed hors concours, and is certainly far the largest 
in the group to which it belongs. 


Plates, shape, and mode of union 


This large size, coupled with the relative thinness 
of the plates, suggests that Chelonechinus also may 
have had a flexible test. On the other hand, the 
regular domed form of the upper surface, the flat- 
ness of the undersurface, and the sharpness of the 
fractures in the fossils, indicate that the flexibility, 
Figure 2.—Adapical region if any, was slight. 
of Chelonechinus suvae, L 1 In E 4708 most of the plates of the undersurface 

have been preserved, but on the upper surface there 

Showing some plates of 4+. only a few, and of the apical system none remains, 
the apical system (cf. Fig. 1) the other specimens an isolated plate is retained 
5). =2/8 diameter. here and there, and occasionally, as in § 1, L 3, L5, 

“ a few remain associated. No doubt there were more 
plates when the specimens were found, but for want of proper treatment they 
have become detached and for the most part lost. Their outlines, and even 
details of their microscopic structure, are, however, clearly impressed on the 
fine-grained “soapstone” as a rule. 

Relative to the size of the individual, the plates are large in area; in propor- 
tion to their size, they are thin. The following measurements in millimeters, 
taken from E 4708, give the greatest and least of thicknesses of some individual 
plates. 


Ambital region, ambulacrals ............ 9 

Oral surface, interambulacral 403 ..........02.cseeeeees 9 85 

Oral surface, ambulacral Vb2 .............. 1.0 


From this it appears that the plates of the undersurface, although thinner 
on the whole, are of more even thickness than those of the upper surface. Look- 
ing at this in terms of stroma instead of stereom, it means, presumably, that 
in the upper part of the test the stroma is thicker at the edges and angles of 
the plates, and this implies somewhat less rigidity of the test than in the under- 
surface, although the individual plates are stronger. The strength of the 


%J. Lambert: Description des échinides crétacés de la Belgique. I. Etude mono- 
graphique sur le genre Echinocorys, Mus. Hist. Nat Belgique, Mem., vol. 2 (1903) 152 
pages. 

2% J. Lambert: in M. 8. Roig: Revision de los Equinidos fosiles Cubanos, Soc. Cubana. 
Hist. Nat., Mem., “Felipe Poey,” vol. 6 (1924) p. 6-42. 


LITI—Bvtt. Grou. Soc. AM., VoL. 45, 1934 
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larger plates is sometimes increased by almost imperceptible ridges running 
from the center to the angles, and occasionally down the vertical median line 
of the column (L 1, L 4,8 1).% Concentric lines of growth are often seen on 
the better preserved internal casts of the plates (L 2, L3, L 4, L5, see Plate 110). 
The last two appearances remind one of the diagram of an interambulacral 
of Echinocorys ciplyensis given by Lambert.” The growth-lines are more regu- 
larly concentric than those which Klinghardt * figured in Spatangus and Micras- 
ter. There is no trace of overlap of plates or grooving of sutures. 

To sum up, one concludes that the upper part of the test could yield passively 
to pressure so far as to permit a slight distortion, but that it was not actively 
flexible as in Echinothurids. 

Ornament and minute structure are described later. 


Apical system 


Completely seen only in E 4708 (Fig. 1) where it is flush; approximately 
central, elongate, but not disjunct; consisting, as usual in Echinocorythidae, of 
five oculars and four genitals, of which, in the absence of direct evidence, 
genital 2 is presumed to be the madreporite. The system diverges from the 
norm of the Echinocorythidae in three respects: (a) the presumed uradreporite, 
instead of being the largest plate, is the smallest ; (b) oculars Il and IV, instead 
of meeting, are separated by the meeting of genitals 1 and 3, which are the 
largest plates in the system; although oculars II and IV are perhaps the 
largest of the oculars, as usual, yet III is little, if at all, smaller, instead of 
being much reduced; ocular I also has larger proportions than usual, equalling 
genital 4in area. Each ocular and each genital rests in the reéntrant angle of 
two ambulacrals or interambulacrals, respectively, except ocular IV, which 
abuts on a single ambulacral (IV-1a). Elevations on the surface of the inter- 
nal cast show that each plate was pierced by a pore on its median line and 
slightly excentric in an adoral direction. 

The surface of the cast shows a groove underlying all plates of the apical 
system except ocular III, passing close to each pore on its adapical side, and 
then tailing off down the left half of the posterior interradius (5a). It is un- 
certain whether this depression was formed by an internal ridge of stereom or 
by the membranes of the aboral sinus. A groove, similar in position, but more 
strongly marked, is conspicuous on siliceous internal casts of Echinocorys, and 
in that genus appears to have been due partly to a ridge of stereom, to which, 
presumably, the aboral sinus was attached. Franz Klinghardt studied these 
and similar appearances on flint casts in the British Museum and published # 
his interesting dissertation. He ascribes these markings in Echinocorys to 
impressions of the mesenteries ; he also mentions small elevations on the inner 
side of the test. The photograph showing this feature most clearly was, un- 
fortunately, omitted from his memoir. 

A somewhat similar disposition of the aboral sinus is shown in Cystechinus 
vesica as figured by A. Agassiz.° The posterior extension of the groove may be 
in part connected with the posterior withdrawal of genital 5, with its gonad, 
in course of phylogeny,” but is in greater part due to a ridge for the attachment 
of the mesentery supporting the rectum. 


* Alexander Agassiz: Report on the Echinoidea, Report H. M. 8. Challenger, Zool., 
vol. 3, no. 9 (1881) pl. 29, fig. 9. 

J. Lambert: Description des échinides crétacés de la Belgique. I. Etude mono- 
graphique sur le genre Echinocorys, Mus. Hist. Nat. Belgique, Mem., vol. 2 (1903) p. 28. 

% FF. Klinghardt: Ueber die innerer Organisation und St geschichte einige irreg- 
uldrer Seeigel der Obern Kreide, Inaug. Dissert., Jena (1911) figs. 51, 52, 53. 

Ibid. 

* Alexander Agassiz: Report on the Echinoidea, Report H. M. 8. Challenger, Zouvl., 
vol. 3, no. 9 (1881) pl. 25, fig. 6. 

“Isabella Gordon: The development of the calcareous test of Echinocardium corda- 
tum, Phil. Trans. B, vol. 225 (1926) figs. 7, 8, 9. 
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The rectal portion of the groove can be traced in other specimens. In L 2it is 
seen in the upper part of column 5a, rather close to the interradial margin, 
which, at the third plate above the periproct, it crosses into 5b and then passes 
down near the median line of that column to the level of the periproct to which 
it then bends sharply. In L 3 the groove is faint and apparently close to the 
interradius. In L 4 there is a groove in column 5b for the distance of at least 
four plates above the periproct and possibly all the way down, also a groove 
in column 5a at the third and fourth clear plates above the periproct; the 
crossing from col. @ to col. } is not plain; there may have been two grooves 
in the adapical region, and there is a faint suggestion of such a groove in 5b in 
E 4708." 

Here may be mentioned a line of irregular semicircular indents, with con- 
vexity upward, on the internal cast of plates 4a-9, 40-8, and Va-9 and 10 of 


Ficure 3.—Adapical surface of Figure 4.—Corona of Chelonechinus 
Chelonechinus suvae, L 3 suvae, E 4708 
The plates on the left are crushed Supra-ambital portion of the corona from 
downward. x 2/3 diameter. the side. x 2/3 diameter. 


specimen L 1 (Fig. 5). These correspond in position to the markings in Echino- 
corys figured by Klinghardt* and interpreted by him as attachments of the 
gut-mesentery. Similar indents are on about the sixth plate from the apex in 
interambulacra 1 and 3 of L 2. 

The apical system is partly preserved in L 1 (Figs. 2,5) but its structure is 
difficult to harmonize with the clear appearance in E 4708. The specimen shows 
the internal cast of two ambulacra, one interambulacrum, and, on the right 
side of the specimen, half of an interambulacrumw. That half presents a clear 
groove descending from the apical system and must therefore be identified as 
column 5a. Although the fragment extends for a distance of at least 10 ambu- 
lacrals from the apical system to its lower edge, there is no sign of the periproct. 
The rectal groove, in its adapical portion, lies to the left of 5a, but is not seen 
in 5a-3; then in 5a-4 it passes down near the interradius to 5a-9 without cross- 
ing into 5b. Although in the other specimens, as also in Echinocorys, accord- 
ing to Klinghardt,* it passes into 5b, there seems no morphological reason why 
it should always do so. 

So far all is fairly simple, but the apical system presents difficulties. The 
plate at the head of Sa is presumably ocular V; it is marked in the cast by a 
prominent elevation, sloping up from the side of the ambulacrum and slightly 
ribbed, then cut off steeply on the side next ocular I (not seen) ; at the foot 
of this steep cliff lies the strongly-marked groove. These appearances indi- 
cate in the plate itself a half-funnel, down which the radial water-canal of 


#¥F, Klinghardt: op. cit., figs. 11, 32, 38. 
33 Op. cit., fig. 3. 
% Op. cit., p. 6. 
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ambulacrum V passes to the pore, bounded on the inner side of the pore by a 
stout ridge, which continues down 5a. This supposed ocular V rests on ambu- 
lacrals Va-1 and Vb-1 as well as on 5b-1, just as in E 4708; it does not, however, 
abut on 4a-1 as it does in E 3708, but only on the adjacent plate of the apical 
system, which in this respect corresponds to genital 4 of E 4708. On to this 
plate the groove (on the cast) or ridge (on the plate) passes from ocular V, 
just as in E 4708 it passes on to genital 4. This plate corresponds with genital 
4 of E 4708 in abutting on oculars I and V and presumably on the unseen geni- 
tal 1; it does not, however, correspond in its relations to 4a-1 and 4b-1 as it 
does not rest in the angle between them, but 
only on 40-1. The groove now passes on from 
this plate to an adjacent plate which does rest 
in the angle between 4a-1 and 4b-1, and should, 
therefore, be genital. 4. It can hardly be 
ocular IV in any case, for a large plate on 
which it abuts rests apparently on ambulacrum 
IV and is, therefore, in the position of ocular 
IV. On this interpretation, the only possible 
conclusions are, either that genital 4 has 
divided or that an interambulacral plate has 
been intercalated between it and ocular V. 
Such a plate in a precisely similar position 
is shown in Lovén’s drawing of the apical sys- 
tem in Urechinus naresianus.= There seem 
to be such plates also in Cystechinus vesica.” 
The orientation here adopted naturally fol- 
Ficure 5.—Supra-ambital surface jows from the position of the supposed rectal 
of Chelonechinus suvae, L 1 groove, and, even if one overlooks that struc- 
Side view of part of the supra- tyre, no other orientation gives any better re- 
ambital surface. Note the groove suit. It is, of course, conceivable that, if 
in 5a and the indents on some of the whole apical system had been clearly 
the lower plates in all areas. J oserved, the solution would have been 
x 2/3 diameter. simple. There are traces of the apical sys- 
tem and the groove in the battered L 7; so 
far as the plates can be identified (which is not far) there seems to be a simi- 
lar interambulacral between ocular V and genital 4. 


Corona, supra-ambital portion 


Viewed from the side (Figs. 4, 5, 6), the areas are seen to slope to- 
wards the posterior as they ascend (E 4708, L 2, L 4, and less markedly 
in L 3, which is younger). As in ontogeny and phylogeny the periproct 
passed downward, the apical system elongated and by shifting backward 
retained a roughly central position. Had the test merely stretched out pos- 
teriorly, leaving the apical system where it was, the areas would have sloped 
in the reverse direction, just as they do in Plerechinus hirsutus®* and still more 
obviously in Pourtalesia.* No such definite slope either way can be distin- 


% Sven Lovén: On Pourtalesia, Svenska Vet.-Akad. Handl., vol. 19, no. 7 (1883) pl. 
21, fig. 242. 

%® Alexander Agassiz: Report on the Echinoidea, Report H. M. 8. Challenger, Zool., 
vol. 3, no. 9 (1881) pl. 35a, fig. 5. 

Th. Mortensen: Echinoidea, Part II, Danish Ingolf-Expedition, vol. 4, no. 2 (1907) 
pl. 6, fig. 14. 

% Sven Lovén: On Pourtalesia, Svenska Vet.-Akad. Handl., vol. 19, no. 7 (1883) pl. 1, 
fig. 3. 
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guished in published drawings of Cystechinus wyvillei, Urechinus naresianus, 
Sternopatagus sibogae, or Calymne relicta. 

As the areas approach the apex, they naturally decrease in width, but the 
ambulacra decrease more than the interambulacra. The difference is not 
strongly marked and as the meridians approach the ambitus there is great 
diversity but no constant difference in width. This is well shown in the fol- 
lowing table, in which, to avoid an illusory pretence of accuracy, the measure- 
ments are taken only to the half-millimeter. 


Width of Ambulacra and Interambulacra at Ambitus 


I 1 II 2 III 3 IV 4 V 5 
rp. rea. |roaci|-ant. Ika) L pois 
amb. | amb. | amb. | amb. | amb. | amb. | amb. | amb. | amb. | amb. 


L2 | 52.5 | 55.0 | 48.0 | 46.0 | 40.5 | 46.0 |ca. 47.0jca. 56.0] 46.5 | 38.5 


L3 | 31.5 | 45.0 | 30.0 | 32.0 | 28.0 | 27.0 31.5) 31.0) 31.0 | 23.0 


L4 | 48.5 | 55.5 | 47.5 | 46.5 | 39.5 | 42.5 42.5) 56.0} 40.0 | 39.5 


L5 | 46.5 | 49.5 | 45.5 | 45.5 | 41.0 | 45.5 46.0} 50.0) 46.5 | 38.0 


In E 4708 the distortion already noted induces a greater width of the meri- 
dians on the right side of the test than on the left. That this is not peculiar 
to E 4708 appears from the above measurements, for, in spite of irregularities, 
the totals for the two sides, excluding meridians 1 and 5, are as follows: 


2: right, 201.5: left, 196.5; + 6.0 
L 8: right, 138.5; left, 120.5; difference ............... cseoe + 18.0 
L 4: right, 198.0; left, 190.0; difference ........cccecees coon + 80 


Thus, L 5 is the sole exception, and that to an extent within the limits of 
probable error, and possibly resulting from the post-mortem crushing of the 
apical and actinal regions. 


Ambulacrals.—These are completely seen only in E 4708, and the description 
follows that specimen except where otherwise stated. Most are slightly irreg- 
ular hexagons, wider than high. The exceptions are two or three plates at the 
apical end of each radius, and these have four or five unequal sides. In each 
of the radii II, III, and V the plate next the apical system (-1) is conspicuous 
by its sub-quadrangular outline, the side next the adjacent ambulacral being 
convexly curved, and that next the interambulacral being either similarly curved 
or slightly angular. This appears to be the case also in IIb-1 of L 3, and 
in what may be IIIb-1 of L 7; but it is not the case in V of L 1. 

In III of L 2 the perradial sutures appear to form a straight line. In part 
this appearance may be due to a crack, but the crack may have arisen just 
here because of such a line of weakness. In L 4 and L 5 the sutures are 
zigzag. 

The number of ambulacrals in a column between apex and ambitus is about 
six in E 4708, nine and eight respectively in V a and b, and nine in III. 
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Broadly speaking, the ambulacrals increase in vertical and horizontal diam- 
eter as they recede from the apex towards the ambitus; thence, they rapidly 
decrease in height. In the neighborhood of the ambitus the transverse sutures 
are flexuous, rising in the middle, and toward the margin increase in flexuosity, 
with a slight downward curve on each side of the upward curve (L 1, L 2, L 3, 
L 4, L5; not well seen in E 4708). The adjacent interambulacrals are flexuous 
in the reverse sense, but not so markedly. These appearances are more obvious 
in the posterior half of the test (L 2, L. 3, L 4, 5); this is seen best in L 3. 

The following measurements of ambulacrals are taken from column a of 
each ambulacrum, and in E 4708 from the fourth and sixth plates from the 
apical system, and in the other specimens from plates that seem to correspond 
with these. Measurements nearer than the half-millimeter are given only 


when there is no room for doubt. 


Ta IIa IIIa IVa Va 
wide high wide high wide high wide high wide high 
21.7 135 21.8 15.0 224 142 195 163 19.0 123 
210 114 25 135 255 15.0 23.8 138.0 22.7 143 
— — 125 100 180 11.5 


23.0 15.0 27.5 165 220 130 23.5 130 19.5 13.0 
14.5 27.0 13.0 200 110 260 1385 260 140 


13.0 10.0 12.3 82 — 
_ — 240 1385 19.0 115 240 145 260 125 
245 140 260 145 215 120 240 140 265 12.0 


E 4708 


L4 


oh 


The chief feature of these measurements is their irregularity. In E 4708 
and L 2 the plates of the trivium are on the whole wider than those in the bi- 
vium, but this is not the case in L 4, so far as evidence goes. Similarly, E 4708 
and L 2 harmonize with a previous conclusion that the right side is wider than 
the left; but not so L 4. Whereas the general rule is for both width and height 
to increase as the plates recede from the apex, the width increases relatively 
more than the height; thus, in E 4708 the mean ratio of width to height in -4 
is 146.100, and in -6 it is 177:100. In L 1 the measurements of -8 are 29.0 and 
16.0, a ratio of 181 :100. 

The gmbulacrals of column a alternate fairly regularly with those of b. In 
I and II, column b is uppermost and the lower of the two perradial sides of each 
plate in this column is the longer. In 1V and V, a similar statement applies to 
eolumn a. In III, column b is uppermost, and a like statement holds good for 
the first three plates, but an irregular plate a-3 transposes the relations for the 
rest of the ambulacrum. This arrangement seems to attempt bilateral sym- 
metry about the antero-posterior axis. In most published figures of similar 
forms either the plates are too small or the drawing is too confused for com- 
parison to be reliable. Sternopatagus, as figured by De Meijere,” has a upper- 
most in all ambulacra. The excellent figure of Pourtalesia jeffreysi in Lovén“” 
shows bilateral symmetry in the ambulacra, but no such regular relation of the 
perradial sutures. 

The Podial Pores (P1. 109 and Figs. 2,3) are in most cases represented only by 
elevations on the surface of the internal cast, but can also be seen (with greater 
difficulty) in those few ambulacrals that are preserved. They appear to be 


*® J.C. H. De Meijere: Die Echinoidea der Siboga-Ezpedition, Siboga-Expeditie, vol. 43 


(1904) pl. 20, fig. 409. 
“ Sven Lovén: On Pourtalesia, Svenska Vet.-Akad. Handl., vol. 19, no. 7 (1883) pl. 2. 
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single, but are so small that their openings can scarcely be detected on the outer 
surface. The calcification, or not, of the partition between the ascending and 
the descending roots of the podium is of no morphological importance. On 
the inner surface a shallow and scarcely perceptible groove denotes the former 
position of the ambulacral vessel; from this a branch leads to a funnel-shaped 
depression, which passes from it obliquely through the test. The pores are 
subcentral, the excentricity being towards the adapical and perradial sides of 
each plate. This statement also holds good 
for the upper part of IV and V in L 1; but at 
about -8 the pores begin to approach the 
adoral border and the median vertical line 
of the plate; the distances in millimeters of 
the pore from the upper and lower borders: 
in -8 are 8.3 @ 6.2;* in -9 are 6.7 @ 4.5; in -10 
are 7.3 @ 3.0. In these respects L 3 generally 
agrees with L 1; pore positions in II-8 are 
4.3 @ 4.0; in II-9 are 4.4 @ 3.4. 


Interambulacrals of supra-ambital portion 
chinus suvae, L 3 of test.—Irregular hexagons, except for a few 
adjoining the apical system and some in the 
posterior interradius. (As before, the descrip- 
ar tion is based on E 4708, unless otherwise 
stated.) Transverse and lateral sutures 
straight or, in a few cases, slightly curved. As stated under “Ambulacrals,” 
in the neighborhood of the ambitus and margin the transverse sutures become 
sinuous (this not shown in E 4708). Compared with ambulacrals at the same 
level, the interambulacrals are 
wider near the apex and equal in 
width near the ambitus, except in 
interradius 5 (posterior), where 
they are less wide. 

The measured plates cannot, of 
course, be identified precisely in 
specimens that do not retain the 
apical system, but they are, in 
general, those that correspond as 
nearly as may be with the am- 
bulacrals previously measured. 
In E 4708 the mean ratio of width 
to height in -4 is 145:100, and in 
-6 is 165:100. The interambu- 
lacrals decrease considerably in 


Figure 6—Corona of Chelone- 


height at the margin; thus, 20-7 =o 
is 11.8 millimeters high, and -8 ap- Ficure %.—Fragment of Chelonechinus 
pears to have been even less. suvae, L 8 

The plates in nearly all interam- Side view of the fragment, to show the large 
bulacra of all specimens are, as a size. x 2/8 diameter. 


rule, hexagonal, those of col- 
umn a alternating regularly with 
those of column 0. The following exception is noted: In E 4708, 1a-4 looks like 
a compound plate, abutting on 10-3, -4, and 5, instead of on 4 and -5 alone. The 
interradial suture of 5 (posterior) is not so angular as the others and may even 
become straight, as in the four adapical plates of E 4708 (Fig. 1), which do not 
alternate. In L 2 the angulation is slight, the slope being 11 in 80. In L 8 it 
is slight above but well marked at the ambitus. In L 4 it is not quite so slight 
asin L 2. 

As a rule the interambulacrals also alternate regularly with the adjacent 
ambulacrals, but the following exceptions are noted: In E 4708 1b-2 abuts on 


* @ represents pore. 


4 
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Measurements of Interambulacrals in millimeters 


la 2a 3a 4a 5a 
wide high | wide high | wide high | wide high | wide high 
-3 
E 4708 —4 22.2 | 16.3 23.0 | 14.4 | 22.5 | 14.1 | 21.6 | 16.5 12.6 12.1 
—5 
-6 26.0 | 16.0 27.3 | 16.1 | 26.0 | 17.2 | 24.9 | 13.8 17.5 13.4 
4 25.0 | 16.0 |........foccee 25.5 | 13.5 | 25.5 | 16.0 15.5 16. 
L2 -6 31.0 | 18.0 jca. 24.0 | 13.5 | 25.5 | 13.5 | 28.5 | 16.0 20.5 14.5 
—4 |ca.12.5 8.0 | 27.65 ca. 9.0 
L3 -6 |ca.15.5 | 10.0 ca. 13.0 9.5 
—4 26.5 | 12.5 23.0 | 12.5 | 22.5 | 13.0 | 27.5 | 15.5 18.5 14.5 
L4 -6 29.5 | 12.0 26.0 | 14.5 | 25.5 | 13.5 | 29.0 | 15.0 19.5 15.0 


IIa, -1, -2, -3, thus compensating to some extent for the irregularity of 10-4 
(vide supra). In L 1, IVb-1, -2, and -3 all abut on 4a-1, so that IV b-4 is on 
the shoulder of 4a-2; Va-1 abuts on 4b-1 (the intercalated plate) and 4b-2; 
Va-2 alternates with 40-2 and -3, and alternation continues until Va-5, which 
abuts on 40-5, so that Va-6 alternates with 40-6 and -7, and alternation then con- 
tinues to the margin; in Vd alternation with 5a is regular to begin with, Vb-1, 
5a-1 and so on, until Vb-4 abuts on the side of 5a-3, so that one sets 5/4, and alter- 
nation continues in that sense to Vb-7, when 5a-6 comes in and restores the rela- 
tion to 7/7; but then Vb-8 abuts on the side of 5a-7 and so reverses the relation 
again to 9/8, whence it continues to the margin; the result is 1014 plates in Vb 
to 9 in 5a, and 10% plates in Va to 10 in 4b. 

In L 2, the following plates are intercalated: about the second above the 
margin in Id, the first above the margin in IIa, the second above the margin in 
IIIa, and a plate on the margin in 3a. In L 3, at about Ia-5 a plate is inter- 
calated in 50; at about Ib-4 a plate is intercalated in 1a, and on the margin Ib-9 
is intercalated. In L 4, a plate seems to be intercalated on the margin in IIa; 
also one on the margin in IVb; in Va a plate is intércalated about 2 above the 
margin. 

From the facts here stated it is difficult to formulate any general rule, unless 
it be that the ambulacrals are more irregular than the interambulacrals. 


Periproct 


This is not seen in E 4708, although a slight inward bending on the adoral 
edge of 5a-7 suggests that this plate bordered the periproct. In L 2 (Fig. 9), 
L 3 (Fig. 11), L 4 (Figs. 10, 12), and L 5 the position of the periproct is indi- 
cated on the internal cast, and in each specimen it is just on the margin, being 
visible in both posterior and oral view, but the precise number of plates between 
it and the apical system is not clear in any specimen; the plates between it and 
the peristome are discussed in the description of the oral surface. The surface 
of the cast rises towards the opening (L 2, 3, 5), and in L 5 the elevation has 
a distinct rim, indicating a groove on the interior of the test, and within this 
groove the margin is scalloped as though there had been prominences. The 
opening seems to have been wider than high; in L 2 it is somewhat pentagonal, 
with the upper angle on interradius 5, with a width ca. 6.5 millimeters, and 
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height ca. 6.0 millimeters; in L 3 the width is 5.5 millimeters, height 3.5 milli- 
meters; in L 4, width ca. 8.0 millimeters ; in L 5, width ca. 6.0 millimeters, height 
ca. 5.5 millimeters, but col. ) seems to have been shifted slightly over col. a, 
thus reducing the width. 


Oral or actinal surface 


This surface is seen from the interior in E 4708 when the upper part of the 
fossil is removed (Pl. 108). It has been broken away from the margin and 
pushed inward almost bodily; the actual plates are preserved and for the most 
part retain their natural positions. It has, however, been broken along inter- 
radius 5, and the right half pushed inward and over the left half to a small 
extent. Ambulacra I and V and interambulacra 1 and 5 are almost complete; 
the other areas can, to some extent, be reconstructed from the portions pre- 
served; the peristome border is disturbed and incomplete, the plates from IIIb 
to Vb, inclusive, being separated from the rest, and those from Ilb to IIIa, in- 
clusive, being absent. Areas III, 3, and IV slope downwards to the margin and 
soon pass out of sight. The periproct is not seen. 

In L 2 (Fig. 9), L3 (Fig. 11), and L 4 (Fig. 10), this surface is, on the whole, 
distinctly visible on the internal casts, only a few isolated plates being pre- 
served. Unfortunately, in each of these specimens the peristome has been 
pushed inward and its margin broken or otherwise obscured. In each of them, 
as well as in L 5, the periproct is seen. 

The following description is based on all these specimens and may be taken 
to apply to each except where otherwise mentioned. 


Peristome.—The peristome was probably somewhat circular, with a diameter 
of about 13.0 millimeters in the larger specimens, 8.0 millimeters in L 3. Its 
anterior edge was probably about 30.0 millimeters from the anterior margin of 
the test, 19.0 millimeters in L 3; i. e. one quarter or less the whole length. It is 
not possible to distinguish all the plates in any specimen. The labrum (5 1) 
is plain in all; it narrows adorally and thus forms only a small part of the 
peristome border. On each side of it are the first plates of ambulacra I and V. 
The biporous Vb1 can be identified in E 4708, and the corresponding plate, Ia1 
is seen, although its biporous nature is not actually evident. In these ambu- 
lacra the plates of the adjoining columns Va and Id are visible, but their limits 
and their position in the series are not clear. L 4 makes it clear that Amb. III 
enters the border with both a and b columns; and that interambulacra 2 and 8 
enter it with one plate each, apparently 2b and 8a, but whether the plates seen 
nearest the peristome are actually those that entered its border is not absolutely 
certain. The original endeavor to identify the disturbed and broken plates of 
E 4708 led to the conclusion that interambulacra 1 and 4 were also represented 
in the peristome border by narrow elongate plates, like those shown in the 
drawing of “Ananchytes sulcata Goldf.” published by Lovén,“ but that in 1, at 
any rate, the elongate plate was separated from the succeeding interambulacral. 
The evidence of L 2, L 3, and L 4 now casts doubt on that interpretation: the 
supposed elongate interambulacrals probably belong to one or the other of 
ambulacra I or II and IV or V respectively, and in either case the meeting of 
those ambulacra excludes interambulacra 1 and 4 from the peristome border. 
Such a structure occurs in Stegaster cotteaui Seunes,® in Sternopatagus sibogae 
Meijere,“ and in Spatagocystis challengeri A. Agassiz.“ Comparison of the 


41 Sven Lovén: Etudes sur les Echinotdées, Svenska Vet.-Akad. Handl., vol. 11, no. 7 
(1875) pl. 5, fig. 51. 

«J. Lambert : Etudes morphologiques sur le plastron des Spatangides, Soc. Sci. Yonne, 
Bull., vol. 46, 2nd ser. (1893) fig. 20. 

4 J. C. H. De Meijere: Die Echinoidea der Siboga-Expedition, Siboga-Expeditie, vol. 43 
(1904) pl. 20, fig. 410. 

“ Alexander Agassiz: Reports on an exploration... by the... “Albatross” during 
1891. XXXII. The Panamic Deep Sea Echini, Mus. Comp. Zool., Harvard, Mem., vol. 
81 (1904) fig. 162. 
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various allied forms shows stages in the diminution of the adoral interambu- 
lacrals in question,” and it seems as though they were gradually being squeezed 
out of existence by the ambulacrals. It is, therefore, possible that perfect 
material of Chelonechinus suvae, especially in younger stages, might reveal 
the presence of those plates in greatly diminished proportions. Similar cases 
are cited by Lovén.“ A. Agassiz, however, states that in Cystechinus 
wyvillei the primordial (i. e., first adoral) plate of interambulacrum 1 is 
“excluded from” the actinal system (i. e., peristome border) in young speci- 
mens of 13 millimeters and 18 millimeters (? length), but not in an older speci- 
men of 56 millimeters. His figure 16la shows that by “excluded” he means 
non-existent. That observation is opposed to the suggestion that the plates 
atrophied during individual growth. Whatever be the precise explanation of 
the differences, the presence or absence of these reduced plates can have no 
profound significance. 

Viewed from the exterior (as may be done with some loose plates in E 4708) 
the plates are seen to slope gently inward for a distance of 2 millimeters from 
the peristome border, and on the edge itself they are more sharply turned up, 
forming a rim which rises to a height of about 1.5 millimeters above the general 
level of the inner surface. The podial pores pass obliquely through this rim. 
The precise structure of the rim cannot be made out, because, in spite of every 
care, it has been damaged in removing the tenacious soapstone from the thin 
and brittle plates. It appears, however, to have been more prominent on the 
trivial half than on the bivial, and especially on the interambulacrals, where 
also it is excavated on the inner side in the re-entrant angle. Klinghardt “ 
figures a similar rim in “Ananchytes ovata,” calling it a “Stutzapparat,” and 
detecting rudimentary auricles in interambulacra 2 and 8. 

Sphaeridia are not observed ; but on the plates that can be seen from outside 
are irregular depressions broken through the epistroma, and these may have 
lodged sphaeridia. 


Ambulacrals.—Except for those plates of the peristome border that bear, 
as usual, two pores, each ambulacral has only one pore. In E 4708 the posi- 
tions of the pores are clearly marked by the imprints of the ambulacral vessels 
on the stereom (PI. 108). These imprints are shallow grooves with a raised 
border. Each consists of a main stem, giving off a branch to each pore, alter- 
nately right and left. The main stem bends slightly from axil to axil, in the 
direction of the next branch. In the two or three adoral ambulacrals of each 
column the branch is directed towards the peristome; it then swings round, 
so that in the fourth and following plates it is turned away from the peristome. 
In the first plates the pores are close to the adoral margin, but in subsequent 
plates they gradually recede from it, to become excentric towards the adapical 
margin; at the same time they pass further from the perradius towards the 
centers of the plates, and the branches lengthen correspondingly. The width 
of the main groove halfway between the axils is 1.0 millimeter; it widens at 
the axils, and the branch tapers from 1.0 to .5 millimeters. 


Ambulacral Numeration.—It is the general rule in similar forms that, in each 
ambulacrum, the bi-porous plate, whether a1 or b1, abuts on the second plate 
of the adjoining column (062 or a2 respectively). The available evidence 


“ Alexander Agassiz: Report on the Echinoidea, Report H. M. 8. Challenger, Zool., 
vol. 3, no. 9 (1881) 322 pages. 

“Sven Lovén: Etudes sur les Echinotdées, Svenska Vet.-Akad. Handl., vol. 11, no. 7 
(1875) p. 14, 15. 

“ Alexander Agassiz: Reports on an exploration ... by the .. . “Albatross” during 
1891. XXXII. The Panamic Deep Sea Echini, Mus. Comp. Zool., Harvard, Mem., vol. 
31 (1904) figs. 161 a, 163. 

Klinghardt : op. cit., fig. 54. 
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supports a like interpretation of the structure in the present species. There 
are some reasons for regarding the biporous plate as really composed of two 
plates, e. g., Vb1=Vb1+-2, and, if so, Vb2 of Lovén would theoretically be Vb3. 


Figure 8.—Oral surface of Che- 
lonechinus suvae, E 4708 


Oral surface from exterior’ a Figure 10.—Oral surface of Chelonechinus 
reconstruction reversed from the suvae, L 4 
interior view shown in Plate 108. x 2/3 diameter 


x 2/3 diameter. 


Figure 11.—Oral surface of Che- 
lonechinus suvae, L 3 


Ficure 9.—Oral surface of Chelonechinus Some of the plastron plates are 
suvae, L 2 crushed inward and overthrust. 


x 2/3 diameter. x 2/3 diameter. 


Here, however, in attempting to identify and denote the plates, Lovén’s nu- 
meration will be followed for practical convenience. 

Ambulacrals 2-5 in each column, except perhaps in V, are normally six-sided. 
In 2 the length exceeds the width ; in 3 the two are about equal; in 4 the width 
exceeds the length, and in subsequent plates the change of proportion increases 
rapidly ; in 6 the hexagonal outline is lost, and the sutures are irregularly 
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curved. In II and IV the change is more rapid than in I and V, because the 
margin is reached sooner. This lowness of the marginal plates, combined with 
their curved sutures, also noticed from the adapical surface, must have pro- 
duced more flexibility at this weaker region of the test. The distinct overlap 
of the marginal ambulacrals in V of L 3 is probably due to post-mortem 
ressure. 

. The approximate widths of the ambulacra at the margins are, in milli- 
meters : 


E 4708 L2 L3 L4 
ca. 40.0 44.0 29.0 47.0 
41.0 21.5 ca. 33.0 
Web ca. 37.0 46.0 27.5 47.0 


It is fairly easy to identify the individual ambulacrals in L 3 and L 4, and 
to number them starting from the peristome (Figs. 10, 11), and by comparison 
one can identify those in L 2 (Fig. 9) and in parts of E 4708. In the last- 
named specimen, however, a difficulty arises in spite of the help afforded by 
the grooves for the ambulacral vessels. The plate thus identified as Ila2 
(Fig. 8) appears to be much larger than any of the other ambulacrals in this 
or any other specimen. Also, its outline is irregular, having apparently eight 
unequal sides, two (if not three) of which are marked by a slight re-entrant 
angle, so that it is essentially ten- (or eleven-) sided. This alone would suggest 
its compound nature, and comparison with the other specimens shows that it 
occupies the position of IIa2 and 1 2. This is confirmed by a depression, on 
the inner surface, running from the re-entrant angle that abuts on IIa3 to 
a point a little behind the podial pore, and the arrangement of the stereom- 
meshes in this depression suggests that it is a partly fused suture. If this 
suture were prolonged to the re-entrant angle abutting on 1b2, it would divide 
the plate into an upper ambulacral and a lower interambulacral. The inter- 
ambulacral (1 2) holding this position in other specimens is, as we shall see, 
itself possibly compound, and with this may perhaps be connected the re- 
entrant angle abutting on 103, as a further suture drawn from that towards 
the pore of Ila2 would give a normal IIa2, 1a2, and 102, holding the same 
relative positions as the corresponding plates on the other side of the bivium 
(in IV and 4). However that may be, we seem to have here an ambulacral 
fused with an interambulacral—a truly remarkable abnormality. 


Interambulacrals.—The plates are generally similar in size and shape to 
those ambulacrals with which they are respectively associated (Pl. 108 and Figs. 
& 0, 10; 11). 

Interambulacrum 5, the Plastron,® is meridosternate, superficially approach- 


* Plastron: the term was introduced by Desor for the actinal (adoral) region of the 
modified posterior interambulacrum (5) = “cdte sternale de quelques auteurs.” In this 
sense it has been used by Lambert, Rowe, and others. Some English-writing authorities, 
including at least two text-books of importance, have defined the plastron as the area 
surrounded by the subanal fasciole. This additional use of the word begets confusion 
and aes needless ; that area was already known by the excellent term “6cusson,” or 
“scutcheon.” 
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ing amphisternate, but modified from the normal type by the widening of 
adjacent ambulacra. 

Labrum (5 1) is an irregular hexagon, with its anterior region narrowed 
or produced in a tongue which forms only a small part of the peristomial 
margin. Its measurements in millimeters are: 


E 4708 L2 L3 L4 

13.0 ca. 14.0 ca. 6.5 16.0 
Width between 

posterior angles... .. 10.0 9.0 4.5 12.0 


The labrum abuts posteriorly on the shoulders of Ia2 and Vb2, which meet 
in a long interradial suture, thus separating it from the succeeding sternal 
plate of the interambulacrum. This, which is regarded as 562, is an elongate 
hexagon occupying the whole width of the interambulacrum and narrowing 
slightly toward its posterior end; its measurements in millimeters are: 


E 4708 L2 L3 L4 
eae 19.0 24.0 11.0 21.0 
Anterior width........ 15.0 16.0 ca. 6.5 14.0 
Posterior width....... 11.0 14.5 ca. 5.5 13.5 


This medium sternal is succeeded by two plates (5a2 and 563) approximately 
equal in size, thus resembling the paired sternals of such amphisternous genera 
as Micraster and Spatangus; but a2, which is the other sternal, is slightly 
the shorter, being five-sided, while 03, which corresponds to an episternal in 
those genera, has six sides, one of which abuts on a3. The interradial suture 
between then slopes slightly from morphological right to left as it passes 
backward. The following measurements give the length of this suture, which 
is slightly less than the length of either plate, and the width of the two 
plates combined taken between their anterior and their posterior angles: 


E 4708 L2 L3 L4 
Length of suture...... 17.0 19.0 12.0 19.0 
Anterior width........ ca. 24.0 26.0 12.5 24.0 
Posterior width Bers 30:3 ca. 18.0 22.5 ca. 10.0 21.5 


The succeeding pair of plates (a3 and b4) are also approximately equal 
in size and resemble paired episternals. In E 4708 their posterior margins are 
not seen; in L 2 and L 3 their outlines are not perfectly clear; but there is no 
reason to doubt that in each of these three specimens the arrangement was sub- 
stantially the same asin L 4. Here, a3 has six sides, and may be described as 
a quadrangle with its anterior angles bevelled off to abut on 503 and Vb4. 
Although 504 also has six sides, its shape is quite different; its sides abut on 


826 F. A. BATHER—CHELONECHINUS N.G. 


5b3, 504, 1a5, and Ia4, those abutting on 5a4 and Va4 being much 
shorter than the others. The interradial suture between 5a3 and &b4 slopes 
in the same direction as its predecessor but to a slightly greater extent. The 
measurements in L 4 are: Length of suture 14.5 millimeters; anterior width 
26.5 millimeters; posterior width 26.5 millimeters. 

The next pair of plates (a4 and 05) not seen in E 4708, and somewhat obscure 
in L 2 and L 8, is fairly clear in L 4. They are comparable to the pre-anals 
of 2 Spatangus or a Micraster. Like typical pre- 
anals they are sub-equal, roughly quadrangular, 
with the interradial suture not sloping; a4 abuts on 
5a5, 505, 504, Vb5, Vb6, and Vb7, its sutures 
with the last two ambulacrals being slightly concave 
curves ; abuts on 506, Ia7, Ia6, 1a5, 504, 5a3, 524, 
and possibly, by a short suture, with 5a5; here, also, 
the sutures with the two ambulacrals 6 and 7 are 
slightly concave. Length of its interradial suture 
ca. 7.5 millimeters ; anterior width 33.0 millimeters ; 


&65e 
, posterior width 33.0 millimeters. 
The increased number of ambulacrals to one inter- 
4 ambulacral in this region will be noticed, as also the 
indent of the interambulacrum corresponding to the 
With the adoral plates episternal angle. 
uppermost. 2/8 diam- The two pairs of plates that follow are periproc- 
— tals, the periproct being where all four meet (Fig. 


12). In no specimen is this region perfectly clear, 
but it is possible to describe the plates roughly as wide rectangles, although 
more precisely each has an angle carved into by the periproct, and the outer 
side of each abuts in an obtuse angle on two ambulacrals: 5a5 on Vb7 and 8; 
5a6 on Vb8 and 9; 506 on Ia7 and 8; 507 on Ia8 and 9. It will be noticed 
that the number of ambulacrals to an interambulacral here returns to the 
regular alternation normal in the rest of the corona. The periproctals them- 
selves alternate slightly; in other words, their transverse sutures are not at 
quite the same level, those on the morphological left being more adoral than 
those on the right, so that 05 abuts on a5 and b7 on a7; b6 would abut on a6, 
were it not for the intervening periproct. The adapical pair are both higher 
and wider than the adoral pair in all specimens. Measurements in L 4 are: 
height of 06, 6.0 millimeters; height of 07, 9.5 millimeters; width of inter- 
ambulacrum at adoral end, 33.0 millimeters, at adapical end, 36.0 millimeters, 
greatest wides at angles, 40.0 millimeters. 

As previously indicated, the plastron is not symmetrical with regard to the 
oro-anal axis. In L 4 a line drawn from the adoral angle of the anterior 
sternal (b2) to the center of the periproct is not in line with the anterior 
radius (II1) but almost with its right adradius. The labrum is toward the 
morphological left of this, yet a line from the periproct to the middle of the 
peristomial edge of the labrum is still to the right of radius III. In L 2 the 
shift to the right is not quite so marked, and in L 3 it is barely perceptible. 
E 4708 is too crushed to permit precise observation of this feature, but it will 
be remembered that radius III is there to the left of the axis of the apical 
system, just as it is on the left of the plastron axis in L 4. It will also be 
recalled that in four specimens (L 2, 3, 4, 5) the right side of the periphery 
was found to be greater than the left side. These independent observations 
converge toward the conclusion that the whole test is normally asymmetrical. 
A similar increase of size on the right occurs throughout Hemiaster™ and is 
clearly seen in Pourtalesia jeffreysi™; in those forms, at any rate, it is 
probably connected with the forward coil of the intestine. 


so F. A. Bather: Eocene Echinoids from Sokoto, Geol. Mag., vol. 1 (1904) p. 300. 
5 Sven Lovén: On Pourtalesia, Svenska Vet.-Akad. Handl., vol. 19, no. 7 (1883) pl. 1, 
figs. 1, 2. 
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We consider now the postero-lateral interambulacra (Figs. 8-11), beginning 
with 4, which is the more normal. This is clearly seen in L 4 and L 3, and 
rather less clearly in L 2; in E 4708 it is imperfect. The description will, 
therefore, follow L 4. Although the arrangement of the plates somewhat 
resembles that in Stegaster cotteaui as figured by Lambert,” it seems better 
not w follow his numbering but to be guided provisionally by the numbering 
for “Ananchytes sulcata” and Holaster scanensis given by Lovén™ and, to 
some extent that for Urechinus.* We start by assuming that the first plate 
or plates, which in the three species just mentioned are represented by a single 
narrow plate, have been crushed out of existence by the ambulacrals; i. e., have 
atrophied under ambulacral pressure, although there may still (as was first 
thought) be a trace of this plate in E 4708. That leaves as the initial plate 
b2. It has five sides, resting with the aboral one squarely on a2, and abutting 
with the others on Va3 and 2 and IVb1 and 2. The following plate, a2. is 
a fairly regular hexagon; starting with 62, it abuts on IVb2 and 3, 463 and a3, 
and Va3. It is larger than 02, the measurements being: height in b, 12.0 
millimeters, in a, 16.0 millimeters; greatest width in }b, 10.5 millimeters, in 
a, 15.5 millimeters. «@2 rests on the shouiders of 63 and a3; b3 is five-sided, 
resting squarely on 04, whereas a3 is six-sided and although resting on a4, 
also abuts on the shoulder of 04, thus starting the normal alternation cf the 
interambulacrals, with the 6 column as usual more adoral than the a column. 
As regards alternation with ambulacrals, 62, a2, and all subsequent plates of 
the a column alternate with the plates of IV b; b3 and 4 alternate with Va3, 
4, and 5, but 05 abuts on no less than four plates of Va; namely, 5, 6, 7, and 8; 
4b6 then alternates with Va8 and 9, where the margin is reached, and regular 
alternation seems to continue. 

Interambulacrum 1. An irregularity in the earlier plates of this in E 4708 
has already been discussed. Comparison with the other specimens, in each 
of which, but especially L 3 and L 4, the arrangement is clear and concordant, 
shows that E 4708 is abnormal in this respect. As before, the description 
will follow L 4 (Fig. 10). The area begins with a single hexagonal plate, 
the enantiomorph of a2 in 5, provisionally termed 102. We shall return to 
this later. It rests, as does 5a2, on the shoulders of a3 and b3, the a series 
being the higher here; a3 has five sides, and rests squarely on a4; b3 has 
six sides and rests squarely on 04. Thenceforward the a plates alternate as 
usual with the 6 plates, and the b series alternates with the @ series of 
ambulacrum II. The a series alternates with the b series of ambulacrum I 
until a5 is reached; that plate abuts on Ibd5, 6, and 7, but not on 8 also as 
does its enantiomorph 5b5; a6 again alternates regularly with Ib7 and 8, 
but 1a7 abuts on three ambulacrals instead of on two as does 4b7, and thus 
restores the equivalence in this respect. As regards the interambulacrals 
5 and 7, two questions arise. First, why should there be any interference 
in the alternation with the ambulacrals? Looked at from the side of the 
ambulacrals, it is seen to arise from a crowding of those plates in the neigh- 
borhood of the periproctals in a way that they are not crowded in the ambulacra 
of the trivium; that is to say, this crowding, whatever be its reason, has 
resulted in more ambulacrals abutting on a certain number of interambulacrals 
than would normally be the case. Many reasons could be suggested, but mere 
speculation is hardly worth while. The second question is: why should the 
two interambulacra be affected differently? the relations of the ambulacrals 
to the plates of the plastron are precisely the same in 1 and 5, and the 
relations of 1a and 4b to the other columns 1b and 4a, and of the latter 
again to Ia and IVb are the same; viz., normal alternation. The difference 
consists in unequal lengthening of only the adambulacral margins in 105 
and 7 and in 405. It does not seem that this inequality can be related to 


53 J. Lambert : Etudes morphologiques sur le plastron des Spatangides, Soc. Sci. Yonne, 
Bull., vol. 46, 2nd ser. (1893) p. 86, fig. 20. 

53 Sven Lovén: Etudes sur les Echinotdées, Svenska Vet.-Akad. Handl., vol. 11, no. 7 
(1875) pls. 24, 25. 

& Sven Lovén : On Pourtalesia, Svenska Vet.-Akad. Handl., vol. 19, no. 7 (1883) pl. 21. 
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the difference in the second interambulacrals, or, still less, to the difference 
in the peristomial or primary plates of the adjacent ambulacral columns II 
and IV. It may be enough for the present to note that similar irregularities 
occur in greater number in many allied genera and do not appear to be subject 
to any such law as that which governs the grouping of ambulacrals into 
triads in the regular Echinoids. It is the paucity of their occurrence in 
Chelonechinus, coupled with the large size of the plates that calls attention 
to them. 

The single plate 1b2 bears to the neighboring plates much the same relations 
as does 4a2, the difference being that its adoral shoulder next adradius I/1 
abuts on 1b2, whereas 4a2 is separated from the corresponding ambulacral 
by the plate here designated 462. A consequence of this is that 103 is hexa- 
gonal, whereas Ia3 is heptagonal; but as the relations of those plates to the 
adjacent ambulacrals are the same, it is not this difference that accounts for 
the difference in crowding of the marginal ambulacrals. 

This structure is an instance of “ancient heteronomy,”’® common to the 
Echinocorythide, to Faorina, and to Desoria. Lovén regarded the plate here 
designated 102 as the counter-part of 4b2 and a2, believing that 02 and a2 
had fused in interambulacrum 1. He also invoked fusion to explain other 
forms of heteronomy—normal and irregular. Fusion of plates does, we know, 
occur in echinoderms, and there is some evidence for it in this very region 
in E 4708; but the usual mode of change of plates in echinoids is by relative 
growth and resorption. It is just as likely that 1a2 has been resorbed along 
with 1 1, as that it has fused with b2. Lovén foresaw the day when “studies 
of echinoid development, prolonged and profound” would throw light on these 
strange deviations from symmetry. Such researches by Isabella Gordon on 
Echinocardium cordatum ® favor the view that no fusion has occurred. That 
prymnodesmine Spatangid has, according to Lovén,” 1a2 fused with 103, which 
he terms® normal heteronomy. Dr. Gordon shows that, while still in the 
Echinopluteus, the interambulacrals of 1 correspond precisely with those of 4; 
i. e., 1a1, 2, 3 correspond to 4b1, 2, 3; no fusion takes place subsequently, 
but 1a2 is from the first larger than 102. Therefore, Dr. Gordon numbers the 
plates 1a simply 1, 2, 3, ete. If the idea of fusion be rejected, it does not 
follow that the areas, 1 and 4, contain precisely corresponding plates. The 
natural inference surely is that 1a2 has been resorbed and that its place has 
been taken by the adoral ambulacrals of I and II, which are larger than their 
counterparts in IV and V. It may be that this difference was initiated by 
the fact that the adoral plates of 4 lay between two uniporous primary ambu- 
lacrals, whereas those of 1 had a biporous «ambulacral on one side (IIa). 

Interambulacra 2 and 3 appear to correspond with each other and to have 
the same structure in all specimens; but what that structure may be is not 
so clear. Taking the obvious appearance of 3 in L 2, L 3, and L 4, the area 
begins adorally with a hexagonal plate of about the same size as the neigh- 
boring ambulacrals; let us call this provisionally 1. It rests on a2 and 62, 
the b series being the more adoral in 8 and the a series the more adoral in 2. 
These plates are slightly larger than 1, and are followed by considerably wider 
plates, regularly alternating inter se, and alternating with the ambulacrals 
except that, in L 4, 304 abuts on three plates in 3a. It is not easy to trace 
the relations in other areas and other specimens, but in L 3 the corresponding 
irregularity seems to be in 305 and (perhaps) III 04. The real difficulty of 
interpretation is in regard to the peristome border. It is clear that the inter- 
ambulacra enter the border, but it is not clear whether they do so with the 
plate provisionally numbered 1, or whether, as a study of E 4708 originally 


5 Sven Lovén: Etudes sur les Echinotdées, Svenska Vet.-Akad. Handl., vol. 11, no. 7 
(1875) p. 50; On Pourtalesia, Svenska Vet.-Akad. Handl., vol. 19, no. 7 (1888) p. 14. 

5% Isabella Gordon: op. cit., p. 307. 

5’ Sven Lovén: Htudes sur les Echinotdées, Svenska Vet.-Akad. Handl., vol. 11, no. 7 
(1875) pl. 39. al 

Op. cit., p. 51. 
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suggested, and as is not incompatible with L 2 and L 4, there may not have 
been a small plate adoral to this in the peristome ring. If we compare the 
structure with Lovén’s analysis of Ananchytes,™ in which a plate 1 is followed 
by a2 and 02, then we note that the @ series is more adoral in 3 and the b 
series more adoral in 2—the converse of the interpretation given above for L 4. 
If now we turn to Lovén’s analysis of Urechinus,” in which a small plate in 
the peristomial ring is followed by a much larger pentagonal or hexagonal 
plate, we note that, as in L 4, the b series is more adoral in 8 and the a series 
more adoral in 2. This suggests that the structure in Chelonechinus suvae is 


Figure 13.—Chelonechinus crassus 


Apical surface of the holotype. The plates shaded are those actually preserved in the 
specimen ; those outlined are drawn from the internal cast. x 2/3 diameter, 


as in Urechinus naresianus; i. e., a small interambulacral in the peristomial 
ring preceded the plate provisionally numbered 1. If so, our no. 1 would 
become no. 2, and Lovén would have interpreted it as a2 and 62 fused. Here 
again it is not necessary to postulate fusion; moreover, if the second plate in 
Urechinus be regarded as an enlarged a2 in 8 or b2 in 2, its pair being resorbed, 
then Urechinus would harmonize with Echinocorys (Ananchytes). So also 
would Chelonechinus if interpreted in the same way. 

Interradius 3 is not well preserved, but the narrowness of the plates is worth 


noting. 


Ornament and minute structure of plates 


This description, based on E 4708, is confirmed by the other specimens ( Pls. 109, 
110). To the naked eye the plates of the apical surface appear almost smooth, 


% Op. cit., pl. 24. 
© Sven Lovén: On Pourtalesia, Svenska Vet.-Akad. Handl., vol. 19, no. 7 (1883) pl. 21. 
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but show in many cases two structures: (a) slight folds or grooves radiating 
from the umbo to the angles; (b) lines of growth, parallel with the sides. 
The sutures are often smooth and at right angles to the surface, and probably 
were so throughout; occasional appearances of overlap, or of grooving and 
tonguing may be due to marginal splitting and fracture. A marginal decorti- 
cation, within the limits of the adoral and adapical triangles defined by the 
radiating grooves, is often visible, much as Lambert has described it in a 
specimen of Echinocorys ciplyensis.“ Applying the lens, one sees that these 
grooves and lines do not affect a small umbonal area, often clearly defined 
by a growth-line as an almost equilateral hexagon, about 2 millimeters in 
diameter. From this representative of the incipient plate, the stereom has 
spread outward at an unequal rate through each of the sub-triangular sectors. 
In ambulacrals the pore lies in the lower adradial sector of the umbonal area, 
and is minute. No peripodial rim or depression can be distinguished. The 
whole exterior surface is covered with punctae in straight lines st right angles 


Ficure 14.—Holotype of Chelonechinus crassus 
From the right side. x 2/3 diameter. 


to the sutures, and meeting in the radiating grooves. The number of these 
lines is about 25 to one millimeter. The punctae in one line neither alternate 
nor correspond with those of the next. The ridges between the rows of 
punctae appear wider and more prominent than the cross-bars between the 
puncte in any one row. 

The plates of the oral surface show neither the lines of growth nor the 
radiating grooves, but are much rougher and have the podial pores much 
larger, with a slight peripodial depression on the exterior. The surface orna- 
ment is similar to that of the apical surface in structure and size of mesh, 
but is less regular in places, probably owing to the irregular growth of the 
plates. 

All plates bear primary and secondary tubercles; but these are more de- 
veloped both in size and in number, on the plates of the oral surface, and 
seem to have been less developed on the plates nearer the apex. On none of 
the plates examined do they present any regularity of arrangement. There 
are no suggestions of any areas entirely devoid of tubercles, or of any fasciole. 

The primary tubercles on the oral surface have a slightly depressed scro- 
bicular area, with secondaries on its circle, and a central elevation; boss with 
about 10 crenelle; mamelon slightly perforate, with about 10 slight grooves 
radiating from its centre. Width of scrobicule, circa 1.25 millimeters; diameter 
of boss from .37 to .44 millimeters. 

Secondaries resemble the boss of a primary reduced to less than half 
its diameter and height. They vary in both these dimensions and sometimes 
searcely project at all above the general surface. Here and there are a few 
granules, but they seem to be either nascent or atrophied secondaries. 

The reticular ornament of the epistereom runs over the scrobicules of the 
primaries ; all tubercles seem to break through it, without diverting its straight 


J. Lambert: Description des échinides crétacés de la Belgique. I. Etude mono- 
graphique sur le genre Echinocorys, Mus. Hist. Nat. Belgique, Mem., vol. 2 (1903) p. 28. 
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lines. Occasionally a primary or a secondary tubercle has been broken off, 
leaving a circular imprint; but this has in some cases been obliterated by an 
overgrowth of the epistereom. On the plates of the apical surface almost all, 
if not quite all, primary tubercles seem to have disappeared in this way, leaving 
little more trace than the scrobicular circle. The secondaries of this surface 
are smaller, less defined, usually more sparse, and often little more than 
granules. 

No radioles, pedicellarie, or sphzridia have been detected. 

The inner surface of all plates presents a coarse mesh-work, almost per- 
ceptible to the naked eye, with sub-circular meshes various in size, irregularly 
disposed. ‘Toward the margins of each plate these meshes become smaller 
and often more regular. In the larger plates, when well preserved, the suture 
is bordered by a band of much finer meshes or punctae, regularly disposed in 
lines that cross almost as regularly as if engine-turned. The width of this 
band may reach 1 millimeter; it is not separated from the irregular meshwork 
by any definite line. 

In transverse section, a plate consists of three layers: (1) the inner layer, 
or hypostereom, which is a single layer of round loculi, open on the inner 
surface, but with continuous side-walls reminding one of the cells of honey- 
comb; (2) the mesostereom, in which are distinguishable (a) an inner rather 
coarse meshwork, resembling a series of horizontal bars with irregularly 
placed pillars between, and (b) an outer much finer meshwork, also of hori- 
zontal bars, with the minute cross pillars more regularly and closely placed ; 
(3) the outermost layer, epistereom, constituting the fine linear punctate 
ornament, and distinguished from the outer layers of meso-stereom by its 
smooth outline on the outer surface, and its hard glassy appearance, often 
tinged with yellow even when the rest of the stereom is not colored. In places 
the meshes underlying the epistereom appear a little coarser than those of 
the preceding layers, and perhaps represent the puncte seen in section. The 
horizontal bars of the mesostereom often slope slightly, and show a tendency 
to what a geologist might term false-bedding; this doubtless represents suc- 
cessive growth-stages. There is no decided boundary between the coarser and 
the finer mesostereom, and their relative thicknesses may vary within the 
same cross-section. The following are approximate measurements for a cross- 
section of 1.5 millimeters total thickness. 


Epistereom homogeneous layer .......... 
1.50 


The outer layer, here called “epistereom,” is probably the same as the 
“epistroma” of Lovén.@ It has always seemed to me preferable to restrict 
the word “stroma” and its compounds to the soft tissues in which the hard 
“stereom” is, or may be, deposited, and this use of the terms is consistent 
with their use in animal and vegetable anatomy generally. Whether the 
epistereom of Echinoderms has in all cases the same origin as the structure 
so admirably investigated in the sea-urchin Arbacia by Lovén, are questions 
that remain for future investigators. The homology was assumed by J. W. 
Gregory without comment for Cystechinus crassus.™ It is supported in the 


Sven Lovén: On the species of Echinoidea described by Linnaeus, Bihang Svenska 
Vet.-Akad. Handl., vol. 13, Afd. 4, no. 5 (1887) p. 86. 

J, W. Gregory: Cystechinus crassus ... from the Radiolarian Marls of Barbados, 
Geol. Soc., Quart. Jour., vol. 45 (1889) p. 642, line 4; p. 645, line 8. 
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present instance by the surface structure, comparable with that shown in 
Lovén’s Tab. ix, fig. 6, by the dense glassy appearance, by the color, by the 
relation to the tubercles, and by the fact that the few granules observed 
have a similar appearance. 


CHELONECHINUS CRASSUS (GREGORY) 
Cystechinus crassus Gregory, 1889 


The following re-description of the unique specimen of Cystechinus crassus, 
preserved in the Geological Department of the British Museum (E 318), 
brings out some features not mentioned by Gregory, and draws attention 


Figure 15.—Epistereom of 
Chelonechinus crassus 


One square millimeter of 
the plate marked in Figure 
13, enlarged 20 diameters. 
The white dots represent 
matrix filling depressions in 
the plate; the larger circles 
represent places occupied 
by miliaries and a secondary 
tubercle. Figures 13-15 are 
re-published by courtesy of 
the Geological Society of 
London, from J. W. Gre- 
gory: Cystechinus crassus 
. . from the Radiolarian 
Maris of Barbados. 


millimeters (150 millimeters, J. W. G.) ; width about 130 millimeters. There- 
fore, ratio of height to greatest diameter is from 30 to .41; whereas in 0. 
suvae (E 4708) it is .54. The extent of the depression in the posterior area 
suggests that it may have been “flat” (J. W. G.), but one should not speak posi- 
tively about a line of overthrust. Ambitus at about sixth plate from apex, at 


least in anterior half. 


Thickness of plates: an ambulacral at the ambitus in I measures 1.7 milli- 
meters in center, 1.4 millimeters at angle. The plates become thinner near 
the apex, thus 5 6-1 measures 1.25 millimeters on the margin. The average 
absolute thickness, therefore, is nearly one-third as much again as in C. suvae 
(E 4708). Flexibility of test slight, probably even less than in 0. suvae. 


Apical system 


Apical system, not seen in consequence of crushing, but the proximal plate 
in III is probably the ocular; that in V is possibly the ocular. At any rate, 
it follows from the proportions of the coronal plates that the apical system 
is neither absolutely nor relatively so large as in the Fiji specimen. It is, 
therefore, unlikely to have been disjunct or more elongate. 
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od points of difference from C. suvae (Figs. 18, 14, 


Shape and measurements 


Ambital outline suboval; long diameter corre- 
sponds with antero-posterior axis, so far as one can 
judge from the fossil, and is not askew as some 
specimens of C. suvae. Specimen crushed vertically, 
so as to be split along the lines of interradius 2, 
radius IV, and interradius 5; and the three sectors 
are squeezed together so that 2b is pushed over 2a, 
IVb over IVa, and 5a about halfway over 5b. These 
lines are marked by slickensides in the matrix, show- 
ing that the distortion took place after fossilization. 
At a distance of five or six plates from the apex, the 
total loss by overthrust amounts to about 45°; ‘the 
loss is more near the apex, less at the periphery. 
Near the periphery in certain areas, the plates slope 
downward at a high angle, and in I and II they bend 
round on to the oral surface, some being broken at 
the turn—a further sign of compression. To esti- 
mate the height of the specimen in life, take actual 
height of fossil, 30 millimeters, add for compression 
below ambitus 3 millimeters, for compression above 
ambitus, something between 10 and 25 millimeters, 
and this gives a possible minimum of 43 millimeters, 
and maximum of 58 millimeters. Length about 140 
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Corona, supra-ambital portion 


Ambulacrals.—Irregular hexagons, wider than high, probably with excep- 
tions near the apical system ; thus, IIIb-1 is five sided. Number between apex 
and ambitus, 6 in III; 7 or 8 in V and I. The crushing makes it hard to 
distinguish between the ambitus and the margin; so the number of ambulacrals 
cannot be given precisely. From apex to ambitus, ambulacrals increase in 
—— and horizontal diameter, then appear, although obscurely, to decrease 

ght. 
Measurements of Ambulacrals in millimeters 


wide high wide high 
20.5 13.2 —6 23.4 11.5 


The corresponding plates are, therefore, absolutely and relatively smaller 
in both directions than in @. suvae (E 4708), and are narrower in proportion 
to the height. Ambulacrum III is wider than the bivial ambulacra, and 
the ambulacra of the right side appear wider than those of the left. 

As the apex and portions of the ambulacra are concealed, it is not possible 
to say in each case whether series @ or b is uppermost; but if we assume 
that in the uppermost series the lower of the admedian sides of each plate 
is the longer, then the uppermost series are: Ib; II probably 0b; Illa in 
adapical part, 6b in lower part; IV obscure; Vd. 

Podial pores, minute, apparently single, subcentral towards adapical and 
perradial sides of each plate; transversely elongate elevations on the internal 
case indicate a groove (more marked than in EB 4708) at right angles to the 
radial canal, and leading to the funnel, which passes obliquely through the 
plate to the pore. 


Interambulacrals.—Irregular hexagons as a rule, with sutures straight or 
slightly curved. Compared with ambulacrals at the same level, those near 
the apical region are broader in the posterolateral areas (1 and 4), but not 
in the anterolateral (2 and 3) ; those in the ambital region are not broader; 
those of 5 are throughout broader than I and V, and alternate as usual (in 
C. suvae they are narrower, appressed, and in part not alternating) ; two are 
not hexagons but heptagons, each abutting on three ambulacrals. From apex 
to ambitus are about seven plates. 


Measurements of Interambulacrals in millimeters 


wide high 
Ratio (excluding 5a)................ 1.35 : 1.00 


The sixth plates are too obscure for precise measurement. Compared with 
C. suvae the interambulacrals, except the posterior ones, are absolutely and 
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relatively smaller in both directions, and are narrower in proportion to their 
height. 

Oral surface not visible, and renewed excavation from the under side, sug- 
gested by its fate in E 4708, has failed to expose it. 


Ornament and minute structure of plates 


All on upper surface remarkably flat, or, with gentle equable curve, and 
smooth, not ridged or grooved. Sutures smooth and 
at right angles to the surface. No peripodial rim or 
depression. Exterior surface covered with delicate 
ornament of puncte arranged in straight lines at 
right angles to the sutures, the number of lines being 
about twenty to the millimeter (25 in C. suvae, 
E 4708) ; the arrangement in other respects as in C. 
suvae and as shown in Gregory’s figure 3 (Fig. 15). 
There are, as seen in that figure, two sizes of cir- 
cular depressions indicating lost tubercles. ‘The 
smaller depressions show no further detail; the 
larger have a small central point and a peripheral 
raised ring, but the exact structure is not clear. A 
plate on the under side of the specimen, probably 
an interambulacral from the marginal region, pre- 
served rather clearer traces of the tubercles; but 
on no plate does the tubercular ornament appear so 
well developed as on the corresponding plate of C. 
suvae. The interior surface presents a fine irregular reticulation, with sub- 
circular meshes, the general size and scheme being as in C. suvae. 


Ficure 16.—Holotype of 
Chelonechinus (f) ja- 
vanensis 


x 2/3 diameter. 


Radioles 


In brushing away the matrix, from both upper and 
under surfaces, to expose more plates in the poste- 
rior region, several remains of radioles were discov- 
ered, affording further evidence that any disturb- 
ance affecting the specimen must have been subse- 
quent to fossilization. These radioles are of the 
type common in Urechinine and Pourtalesiidx.“ 
They are, however, much larger, being about the 
size of the smaller enlarged figures among those just 
quoted, which appear to be magnified five diam- 
eters. The longest fragment extracted is 9 milli- 
meters long and .3 millimeters wide; it preserves 
neither end of the radiole. A fragment preserving F!6URe 17.—Part of the 
the base is rather thicker. Other fragments are oral surface of Stegaster 
thinner. Some are slightly spatulate distally. The 
shaft is ornamented with long smooth ridges be- Copied from Lambert. 
tween which are crossbars, at a slightly lower level, The numbering of the plates 
like the rungs of a ladder (multiscalariform). The ‘' Lambert's. Size not 
cross-bars are at equal heights, not alternating **#ted. 
or sloping; they divide the space into squares, 
each of which contains a central hole, either circular or square in outline, sur- 
rounded by a flat border depressed below the cross-bars. A higher magnifica- 
tion shows that the ridges are fluted on the sides, and that each cross-bar 
has two depressions or holes, one towards each end, lying between a pair 
of minute tubercles, one above and one below. As they approach the base of 


“ Alexander Agassiz: Report on the Echinoidea, Report H. M. 8. Challenger, Zool., 
vol. 3, no. 9(1881) pl. 40, figs. 56, 59, 61, 64; pl. 41, figs. 24, 26, 30, 44, 47. 
% Op. cit., pl. 41, fig. 30. 
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the radiole, the ridges thicken slightly and become more prominent, until 
they merge in the collar. 


CHELONECHINUS (?) JAVANENSIS N. SP. 


nn of specimen bearing the number 207 in Senckenberg Museum 
g. 16). 

Although the specimen is imperfect it is not crushed, and the shape suggests 
a rather higher dome than in the other two species. 

The 35 or so plates, some incomplete, are ar- 
ranged in six columns, with one plate of a seventh. 
These columns, which in Figure 16 are lettered K-Q 
so as not to conflict with Jackson’s system,” con- 
verge to the region that clearly was occupied by the 
apical system, and it is possible that the plate at the 
apical end of column K belongs to that system. 

Columns K and L are ambulacral; M and N, inter- 
ambulacral; O and P ambulacral; and the single 
plate Q is an interambulacral. The relations of 
L to M and of P to Q show that although alternation 
of ambulacrals with interambulacrals was regular 
on the whole, occasionally three ambulacrals, instead Figure 18.—Sanchezaster 
of two, abutted on an interambulacral. In other habanensis 
words, there were more ambulacrals in this part of 
the corona than interambulacrals; or again, the am- T 
bulacrals were lower than the interambulacrals. : 

Except where the alternation is disturbed and in 
the immediate neighborhood of the apical system, 
the plates are almost regular hexagons. The interambulacrals are not only 
higher than the adjacent ambulacrals, but are also wider. For example, the 
width of -4 in M and N is 14.7 millimeters and 13.4 millimeters; the width of 
the corresponding -4 in the ambulacra O and L is about 13.5 millimeters and 
11.1 millimeters. 

If Figure 16 be compared with Figure 2 from a similarly situate region in 
L 1, the likeness in the preceding respects will be obvious. 

The ambulacral pores, when seen, are central, minute, and single. 

The smoothness of the plates is probably due to wear. They are slightly 
convex. The larger interambulacrals, towards the ambitus, rise in the center 
to a slight umbo from which slight but quite distinct ridges radiate to the 
angles. The ambulacrals scarcely show this feature. Most of the plates 
display (although not clearly) bands of growth brought out by slight dif- 
ferences of color due to differing densities of the stereom. Ornament of any 
kind is most obscure, but on some plates there are circular depressions 
probably indicating the former presence of small tubercles, and a strong light 
reflected from the weathered surface reveals the lighter rings of vanished 
scrobicules. The thickness of two plates with widths of 15 millimeters and 
16.5 millimeters is in each case 0.7 millimeters, giving ratios of .047 and .042 
respectively. 

Although the plates are much thinner than in C. suvae and C. crassus, and 
even relatively thinner, their greater convexity and more marked ridging of 
the interambulacrals strengthen them and are correlated with the apparently 
higher dome. 

Although convincing evidence is wanting, there seems no reason to regard 
this as anything but a Chelonechinus. It might conceivably be C. suvae, but 
as differences can be stated, it seems safer to distinguish it by a name. 


Plastron drawn from R. 
Jackson’s specimen. 
x 2/3 diameter. 


®R. T. Jackson: Phylogeny of the Echini, Boston Soc. Nat. Hist., Mem., vol. 7 (1912) 
491 pages. 
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SYSTEMATIC POSITION 


The general resemblance between the specimens from Barbados and 
from Fiji is sufficiently close to warrant the inference that the main 
lines of structure are the same, or, at any rate, that the Barbados echinoid 
is more closely related to that from Fiji than to any of the living species 
with which Gregory compared it or to those among species subsequently 
discovered with which comparison is profitable. Consequently, in the 
absence of countervailing evidence, the two should be placed in the same 

enus. 
m On the other hand, the dissimilarity in almost every minor detail is 
such that the Fiji and the Barbados specimens cannot safely be placed 
in the same species. These differences, already indicated in the rede- 
scription of the Barbados specimen, form the basis of the subsequent 
definitions. First, however, it is necessary to consider the generic posi- 
tion of these fossils. 


HISTORICAL SUMMARY OF CLASSIFICATION 


P. Martin Duncan, writing in 1889,°" said “The classification of the 
great group of Spatangoidea . . . has been rendered difficult in conse- 
quence of the discovery of the abyssal forms.” Many more such forms 
have been discovered since then and have not made the classificatory divi- 
sions any more sharp. While, however, there has been a tendency to 
minuter subdivision and a consequent change in the hierarchic system 
and its nomenclature, there has been little shifting of its main lines. We 
need not trouble ourselves here with the larger groupings, but may keep 
to those families to which our fossils might be referred. 

Duncan ® in his suborder Spatangoidea had four families: Ananchy- 
tidae [-** Echinocorythidae], Spatangidae, Leskiidae [- Palaeostoma- 
tidae], and Pourtalesiidae.*® In accordance with a suggestion from 
Lovén,” he separated the uniporous genera as a subfamily Urechininae. 


«P.M. Duncan: A revision of the genera and great groups of the Echinoidea, Linn. 
Soc., Jour., vol. 28, Zool. (1889) p. 23. 

® Op. cit. 

©The family Ananchytidae is ascribed to Albin Gras (Bull. Soc. Statist. Isére, vol. 4 
(1848) p. 348), who wrote “Ananchydées.” As the name, Echinocorys Leske, is prior 
to Ananchytes Lamarck, the name was changed to Echinocoridae by Wright (1857, p. 
21). Lambert (1903), who retained ‘‘Ananchitidae,” erected a subfamily “Echino- 
corynae,” complementary to Urechininae. 

The family Pourtalesiadae [sic] was established by Lovén (1883, p. 82) for Pour- 
talesia, Echinocrepis, and Spatagocystis. This is not the same as “The Pourtalesiae” 
of Agassiz (1881), but whether Agassiz meant by that term a group, a sub-family, or a 
family, or what genera he subsumed under it, can not be gathered from the Challenger 
Report. He spoke of a “family Pourtalesiae, Wy. Thomson, 1877, Voyage of the Chal- 
lenger, Atlantic, vol. I, pp. 8376, 896”; Wyville Thomson wrote “a family,” but neither 
on those pages nor anywhere in the book does the name “Pourtalesiae” occur. 

™ Sven Lovén: On Pourtalesia, Svenska Vet.-Akad. Handl., vol. 19, no. 7 (1883) p. 94. 
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Lambert *? separated from the Spatangidae, a family Aeropidae (now 
Aeropsidae) which he regarded as intermediate between Echinospatan- 
gidae and Pourtalesiidae. It was characterized by compact apical system 
with distinct oculars, primitive or amphisternal plastron, ambulacra 
simple and apetalous, with pores single or double. Lambert divided 
the family into four tribes. 

J. W. Gregory ** erected a suborder Sternata with families: Collyri- 
tidae, Echinocorythidae (from which Urechininae were not separated), 
Spatangidae (grouped according to the fascioles), Palaeostomidae, and 
Pourtalesiidae. 

Meissner "* followed Gregory on the whole, but erected the Urechininae 
of Duncan into a family, Urechinidae, including Urechinus, Cystechinus, 
Calymne, and Phrissocystic Ag. 1898. The last-mentioned has an eth- 
molysian apical system, a labiate peristome with phyllodes, and amphi- 
sternous plastron, an apparently amphiplacous i Amb. 2, and long radioles. 
De Meijere * regarded it as a Spatangid (s. str.). Lambert and Thiéry 
placed it in the family Aeropsidae. 

Th. Mortensen,’’ after careful study, carried reliance on the inter- 
ambulacral structures still further by establishing a suborder Meridos- 
ternata with families: 

Echinocorythidae, with plate 2 in 2 and 8 paired (amphiplacous, H. L. 
Clark) 
pores double 
Urechinidae, plate 2 in all interambulacra single (meridopla- 
cous, H. L, Clark) 
pores simple 
Pourtalesiidae, plate 2 in 2 and 8 paired 
pores simple 
an oral invagination 
Calymnidae, plate 2 in 2 and 8 paired 
pores simple 
no oral invagination 


72 J, Lambert: Note sur quelques Echinides crétacés de Madagascar, Soc. Géol. France, 
Bull., vol. 24, pt. 3 (1896) p. 324. 

7% J. W. Gregory : The Echinoidea. Chapter 15 in B. R. Lankester: Treatise on Zoology, 
Part 8, The Echinoderma, London (1900). 

7 Max Meissner: Systematik (der lebenden Echinoideen) Bronn’s Klassen und Ordnun- 
gen des Tier-Reichs, vol. 2, abt. 3, lief. 65, 66 (1904) p. 1402. 

% J.C. H. De Meijere: Die Hchinoidea der Siboga-Eapedition, Siboga-Expeditie, vol. 
43 (1904) p. 198. 

7% J. Lambert and P. Thiéry: Hssai de Nomenclature raisonnée des Echinides, Chau- 
mont (1924) p. 482. 

™Th. Mortensen: Hchinoidea, Part 2, Danish Ingolf-Expedition, vol. 4, no. 2 (1907) 
200 pages. 


838 F. A. BATHER—CHELONECHINUS N.G. 


R. T. Jackson under a suborder Spatangina and a tribe Spatan- 
goidea arranged much the same families as had Duncan and Gregory. 

Lambert ** took the name, Holasteridae, apparently for the subfamily 
of “Ananchitidae” which in 1903 he had called “Echinocorynae.” He 
divided that subfamily into tribes: Hemipneustinae, Cardiasterinae, Lam- 
padocorinae, Stegasterinae (periproct posterior, test composed of high 
plates), Echinocorinae (periproct inferior, i. e., infra marginal). The 
Stegasterinae, then first distinguished, comprise the forms of interest to 
us at the moment, along with the other subfamily—the Urechinidae. 

H. L. Clark *° divided Jackson’s Spatangina into eleven families which 
he groups thus: 


_[Asternata] 
Echinoneidae 
Nucleolitidae 
{Meridosternata] 
Mouth on oral surface 
Urechinidae, all interambulacra meridoplacous 
Echinocorythidae, pores double ) interambulacra 2 and 3 
Calymnidae, pores simple amphiplacous 
Mouth vertical, in oral invagination 
Pourtalesiidae 
[Amphisternata] 
Palaeostomatidae 
Aeropsidae 
Palaeopneuotidae 
Hemiasteridae 
Spatangidae 


H. L. Clark * restricted Jackson’s suborder Spatangina to Amphi- 
sternata, and erected the families grouped in 1917 as Meridosternata into 
a suborder Urechinina. 

Mortensen ®* retained the order Spatangoidea and the suborders Am- 
phisternata and Meridosternata, the latter comprising Urechinidae, Pour- 
talesiidae, and Calymnidae. 

The omission of Echinocorythidae by Clark ** and Mortensen * is due 


™R. T. Jackson: Phylogeny of the Echini, Boston Soc. Nat. Hist., Mem., vol. 7 (1912) 


491 pages. 

7™ J. Lambert: Note sur quelques Holasteridae, Soc. Sci. Yonne, Bull., vol. 70 (1917) 
p. 192. 

HH. L. Clark: Hawaiian and other Pacific Echini ... The Spatangina, Mus. Comp. 


Zool., Harvard, Mem., vol. 46, no. 2 (1917) p. 85-284. 

 H. L. Clark: A catalogue of the Recent sea-urchins (Echinoidea) in the collection of 
the British Museum (Natural History) (1925) 250 pages. 

® Th. Mortensen: Handbook of the Echinoderms of the British Isles, London (1927) 
472 pages. 

8H. L. Clark: A Catalogue of the Recent Sea-urchins (Echinoidea) in the Collection 
of the British Museum (Natural History) (1925) 250 pages. 

%& Th. Mortensen: Handbook of the Echinoderms of the British Isles, London (1927) 
472 pages. 
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to the absence of any representative of that family from the assemblages 


they were discussing. 
A more inclusive classification had meanwhile been produced by Lam- 
bert and Thiéry.**° The groupings that chiefly concern us now are: 


Suborder SPATANGOIDA 

Family ANANCHITIDAE 

Subfamily Holasteridae, with tribes 

Cardiasterinae, 

Offasterinae (incl. Duncaniaster Lambert, Stereopneustes de 
Meijere, Ganbirettia Gauthier), 

Hemipneustinae, 

Stegasterinae (differs in conception from that of 1917, stress 
being now laid on the invagination of the peristome, while 
the periproct may be posterior or inframarginal: incl. Ste- 
gaster Pomel, Galeaster Seunes, Sanchezaster Lambert, In- 
fulaster Hagenow), 

Echinocorinae (incl. Echinocorys Leske, Corculum Pomel = 
Galeola Klein) ; 

Subfamily Urechinidae (incl. Cystechinus A. Agassiz, Urechinus 
A. Agassiz, Pilematechinus A. Agassiz, Sternopatagus De Meijere, 
Calymne Wy. Thomson, Plexechinus A. Agassiz). 

Family PourTALesipar (incl. Pourtalesia A. Agassiz with s. gg. Cera- 
tophysa Pomel, Rodocystis Lambert and Thiéry, and Echinosigra Mor- 
tensen, Spatagocystis A. Agassiz, Echinocrepis A. Agassiz syn. Cysto- 
crepis Mortensen). 

Family AEROPSIDAE: 

Subfamily Stenonasteridae (incl. Stenonaster Lambert, Menu- 
thiaster Lambert) ; 
Subfamily Ovulasteridae (incl. Phrissocystis A. Agassiz). 
Family PRrospATANGIDAE, 


Lambert and Thiéry have not retained the groupings Meridosternata 
and Amphisternata because it is difficult to assign certain primitive 
plastra to either type. This refers especially to some Stenonasteridae. 
Allowance being made for that, it is helpful to note that Lambert’s 
Ananchitidae and Pourtalesidae are definitely Meridosternate, and his 
Aeropsidae and Prospatangidae essentially Amphisternate. 

In order to retain the minor divisions of Lambert and Thiéry and to 
accommodate them to the usual rules for family and subfamily termina- 
tions, it would be simpler to raise Spatangoida to Ordinal rank, with 
suborders Meridosternata and Amphisternata. In the former the family 
Ananchitidae Lambert and Thiéry could be dropped, and we should have 
the Family Holasteridae (or perhaps Echinocorythidae) with subfamilies 


® J. Lambert and P. Thiéry: op. cit., p. 401 et seq. 
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corresponding to the tribes of Lambert and Thiéry; Family Urechinidae ; 
Family Pourtalesiidae. 

The Amphisternata would contain the families Stenonasteridae, Ovulas- 
teridae (or Aeropsidae s. str.), Toxasteridae, Lovenidae, Palawostomidae, 
Plesiasteridae, Periasteridae. Most of these have subfamilies, but for 
further explanation reference must be made to Lambert and Thiéry. 


POSITION OF CHELONECHINUS 


The Urechinidae of Lambert and Thiéry was, as mentioned above, 
divided by both H. L. Clark and Mortensen into Urechinidae and Calym- 
nidae, and it is clear that if Chelonechinus is to find place in any existing 
family it must be one of these two. 

It is meridosternate and has simple pores, but it is not meridoplacous 
in every interambulacrum; it is so in 4 but certainly not in 1, and there 
is a doubt concerning 2 and 3 which are those of chief classificatory 
importance. This difficulty arises partly from the imperfect preserva- 
tion of the peristome border, partly from the crowding of the inter- 
ambulacrals by the ambulacrals. Thus, in 4 the first two plates are in 
series, i. e., meridoplacous; but Clark’s definition of “meridoplacous” 
is that “the primordial plate is followed by a single plate,” and one 
cannot be sure that the first plate in our specimens is the primordial 
plate. In 1 obviously the first plate is followed by two, but in this 
area the primordial plate seems to have disappeared ; if it were present 
the area would be meridoplacous. As for interambulacra 2 and 3, in 
L 3 the first plate seems to stretch right up to the peristome, and thus 
to be primordial, and plate 2 to be amphiplacous; but in L 2 and L 4 
there are indications that a small primordial plate preceded this relatively 
large plate, which thus becomes 2, and the series meridoplacous, 


Calymnidae 


The family Calymnidae was erected by Mortensen ** for the single 
genus Calymne, based by Wyville Thomson *7 on a single species C. relicta, 
known only from some fragments dredged at Station 54, north of the 
Bermudas, 4770 meters. The Barbados specimen was originally referred 
to Calymne, and it is not clear why Gregory referred it to Cystechinus 
rather than to Urechinus or Calymne. He makes no comparison with 
Urechinus. “From Calymne,” he says, “it is distinguished by the struc- 
ture of the apical system, which is here less produced and disjoint, has 
fewer intercalated perisomatic plates, and the basals more uniform; the 


% Th. Mortensen: Hchinoidea, Part II, Danish Ingolf-Expedition, vol. 4, no. 2 (1907) 
p. 86. 
°C, W. Thomson: The Voyage of the “Challenger,” The Atlantic, London (1877). 
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plates of the ambulacra, moreover, are less uniform and regular in 
Calymne than in Cystechinus crassus.” Now, not only is the apical sys- 
tem of C. crassus unknown, but that of Calymne could not be “analysed 
with certainty” by either Wyville Thomson or Alexander Agassiz; further, 
in the preserved fragments of Calymne, the ambulacrals are irregular 
only in the adapical region, whereas in the holotype of C. crassus two 
ambulacra are almost indecipherable, and the remaining three are not 
distinguished by remarkable regularity. 

We now know more about Calymne, thanks to Mortensen,** and about 
C. crassus, especially if it be congeneric with C. suvae, and we admit that 
Gregory was correct in his conclusion. Whether the apical system of 
Calymne is more elongate than that of Chelonechinus or no, it differs in 
composition, as, according to Mortensen, “the two anterior genital plates 
with the madreporite seem to be confluent,” and “of the two posterior 
genital pores seen ®® [pl. xxxiv, fig. 2] only one, the left, is distinct in 
the fragment preserved.” The genitals in C. suvae are separate and dis- 
tinct. The sternum of C. swvae differs from that of Calymne in the sepa- 
ration of the labrum from the succeeding interambulacral by ambulacrals 
2. This results in a curious difference of shape in the paired sternals 
and episternals between Calymne and C. suvae; but the adjacent ambu- 
lacrals 5 have in both the same relation to the episternals and pre-anals. 
These differences are important enough for generic distinction, but they 
do not touch the question of family. That, according to the definitions, 
depends on the character of interambulacra 2 and 8, which, as Mortensen 
first showed clearly,®° are amphiplacous in Calymne. 

It has already been remarked that a squeezing out or resorption of 
the primordial interambulacrals in 2 and 3, just as they have been elimi- 
nated from 1 and probably from 4 in C. suvae, would turn a meridoplacous 
arrangement into amphiplacous. On the other hand, the changes that 
have taken place in 4 and 5 of C. suvae would turn amphiplacous into 
meridoplacous. Mortensen and H. L. Clark may be justified in regarding 
the feature as of family importance, but it has no deep morphological 
significance. 

The other diagnostic character is provided by the simple pores. It has 
previously been shown that this also, although physiologically important, 
is no great structural difference; as H. L. Clark ™ says, “the simple 


8 Th. Mortensen: Echinoidea, Part II, Danish Ingolf-Expedition, vol. 4, no. 2 (1907) 
200 pages. 

8° Alexander Agassiz: Report on the Echinoidea, Report H. M. 8. Challenger, Zool., 
vol. 3, no. 9 (1881) pl. 34, fig. 2. ; 

Th, Mortensen: Echinoidea, Part LI, Danish Ingolf-Expedition, vol. 4, no. 2 (1907) 

1H. L. Clark: Hawaiian and other Pacific Echini ... The Spatangina, Mus. Comp. 
Zool., Harvard, Mem., vol. 46, no. 2 (1917) p. 119. 


842 F. A. BATHER—CHELONECHINUS N.G. 


condition may be a secondary character.” Indeed, Clark ** adds, under 
Calymnidae, “It is questionable whether the presence of simple ambulacral 
pores is in itself sufficient for maintaining a separate family.” The 
alternative, presumably, would be to relegate Calymne to the Echinoco- 
rythidae, and Chelonechinus, if it proved to be amphiplacous, would then 
have to follow it. First, however, it must be compared with Urechinidae. 


Urechinidae 


Following the classification of Mortensen,®* one may give the following 
definition of Urechinidae: Spatangoidea Meridosternata, with peristome 
on the flat oral surface in no deep invagination ; meridoplacous ; ambulacra 
flush, apetalous ; no fasciole, except in some genera a subanal, which may 
vary with the age of the individual. 

Mortensen also says “Apical system usually disconnected. Very fragile 
deep-sea forms, usually of oval shape, covered uniformly with short simple 
spines.” These, however, are not diagnostic characters. 

There seems to be some misunderstanding about the pores. Mortensen 
in the definition just referred to says, “The pores all simple’—De 
Meijere * writes, “Urechinus, Cystechinus und Calymne, welche .. . 
durch die unpaarigen Poren so einseitig entwickelt erschienen, dass man 
sie als Unterfamilie Urechininae zusammengefasst hat.” Lambert and 
Thiéry * say “uniporiféres ou méme apores en dessus.” Duncan * says 
of his newly founded subfamily Urechininae “Ambulacra uniporous,” but 
proceeds *’ to say of Cystechinus “uniporous except close to the peris- 
tome.” Meissner ** says of his newly founded family Urechinidae “Am- 
bulacralporen einzelnstehend, bei einer Gattung (Phrissocystis A. Ag.) 
sind sie, aber auch nur in der Nahe des Apicalfeldes paarig.” A. Agas- 
siz ®° in describing the genotype, Phrissocystis aculeata, says nothing of 
this, but the fact appears from Westergren’s drawings. The same is the 
case with P. humilis, according to De Meijere’s statement,’ unsupported 


2H. L. Clark: A catalogue of the Recent sea-urchins (Echinoidea) in the collection of 
the British Museum (Natural History) (1925) p. 188. 

Th. Mortensen: Handbook of the Echinoderms of the British Isles, London (1927) 
472 pages. 

% J. C. H. De Meijere: Die Echinoidea der Siboga-Expedition, Siboga-Expeditie, vol. 43 
(1904) p. 151. 

% J. Lambert and P. Thiéry: op. cit., p. 420. 

% P. M. Duncan: op. cit., p. 206, 211. 

* Op. cit., p. 213. 

% Max Meissner: op. cit., p. 1402. 

® Alexander Agassiz: Reports on the dredging operations... by the... “Albatross” 
during 1891, vol. $2 (1898); Preliminary report on the Echini, Mus. Comp. Zool., Har- 
vard, Bull., vol. 33 (1898) p. 80. 

100 J. C. H. Meijere: Die Echinoidea der Siboga-Ezpedition, Siboga-Expeditie, vol. 
43 (1904) p. 198. 
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by a figure; Doederlein '°* made this the genotype of Meijerea, which 
Clark '°? found to be a synonym of Argopatagus, one of the Paleopneus- 
tidae, to which family Phrissocystis also is referred by Agassiz and 
Clark.*°* Lambert and Thiéry’*™ place both Phrissocystis and Argo- 
patagus in Aeropsidae. The facts as regards Urechinidae are that the 
pores near the peristome are provided with a peripodium; in Urechinus 
generally those pores, as well as the others, are single; in Urechinus 
[Cystechinus] wyvillei they are, as drawn in Agassiz,‘°> double; in 
Pilematechinus rathbuni they are shown as single throughout by Agas- 
siz,1°* except in his plate 85, figure 1, which is double, with the adoral 
pore much the smaller. It is, therefore, incorrect to describe the Ure- 
chinidae as uniporous, without qualification. 


Cystechinus and Urechinus.—Urechinus and Cystechinus were founded 
by A. Agassiz in 1879, the former having page precedence, but neither 
then nor in 1881 did he offer any positive diagnosis. This was first 
supplied for Cystechinus by Gregory (November, 1889) who included 
in it statements that applied to his C. crassus. Duncan’? gave a more 
extensive definition, or rather description, as also one for Urechinus. 
It is difficult, as Mortensen *°* urged, to find in these definitions “any 
distinguishing feature of reasonable importance”; after some discussion, 
he added, “the conclusion is inevitable that the genera . . . cannot be 
distinguished as hitherto understood. Cystechinus then becomes a 
synonym of Urechinus.” H. L. Clark agrees. Lambert and Thiéry 
maintain the distinction, but not convincingly. 

The genotype of Urechinus is the only original species, U. naresianus 


Doederlein: Die Echinoiden der deutschen Tiefsee-Expedition, Wiss. Ergeb. 
deutsch. Teifsee-Exped., vol. 5, lief. 2 (1906) p. 242. 

102 H. L. Clark: Hawaiian and other Pacific Echini .. . The Spatangina, Mus. Comp. 
Zool., Harvard, Mem., vol. 46, no. 2 (1917) p. 138. 

103 Alexander Agassiz and H. L. Clark: Preliminary report on the Echini collected in 
1902, among the Hawaiian islands by the... “Albatross” ..., Mus. Comp. Zool., Harvard, 
Bull., vol. 50, no. 3 (1907) p. 229-272. 

20% J, Lambert and P. Thiéry: op. cit., p. 432, 434. 

10 Alexander Agassiz: Reports on the results of dredging... by the U. 8. coast sur- 
vey steamer “Blake” .. ., vol. 24, pt. 1 (1883) ; Report on the Echini, Mus. Comp. Zool., 
Harvard, Mem., vol. 10, no. 1 (1883) 94 pages. 

108 Alexander Agassiz: Reports on an exploration... by the... “Albatross” dur- 
ing 1891, vol. 32 (1904); The Panamic Deep Sea Echini, Mus. Comp. Zool., Harvard, 
Mem., vol. 31 (1904) pl. 83, fig. 1. 

17 P, M. Duncan: op. cit. 

18 Th. Mortensen : Echinoidea, Part II, Danish Ingolf-Expedition, vol. 4, no. 2 (1907) 
p. 48. 

1 H. L. Clark: Hawaiian and other Pacific Echint ... The Spatangina, Mus. Comp. 
Zool., Harvard, Mem., vol. 46, no. 2 (1917) p. 119; A catalogue of the Recent sea-urchins 
(Echinotdea) in the collection of the British Museum (Natural History) (1925) p. 187. 

10 J. Lambert and P. Thiéry: op. cit., p. 420. 
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A. Agassiz.7+ The syntypes are in the Challenger Collection, British 
Museum. Duncan,'”* on the evidence of the illustrations to the Chal- 
lenger report, suggested that they contained two forms, one with a subanal 
fasciole, the other without. Lambert*** regarded these as specifically 
distinct. Mortensen,™** from examination of the specimens, confirmed 
the statement of Agassiz,’** that these are all transitional stages between 
a distinct fasciole and no traces of one. On the other hand, he considered 
that the specimens from Station 158 certainly, and those from Station 
302 possibly, do not belong to this species: he thought they might belong 
to C. wyvillet. H. L. Clark™* does not agree. Agassiz himself 
doubted whether the original of his plate xxxa, figures 1-6 was U. nare- 
sianus. Lambert and Thiéry *** have taken this specimen and the origi- 
nal of the following figures 7-9 as syntypes of a new species U. agassizi, 
characterized by the absence of a subanal fasciole and a difference in the 
plates of the apex. In 1903 *° Lambert had said: “les individus fasciolés 
sont trés déprimés et semblent spécifiquement différer des individus 
galéiformes, adétes.” Mortensen,’*° who had examined the original of 
figures 1-6, maintained that it was only an abnormal U. naresianus. In 
view of these doubts, whether justified or not, it is remarkable and re- 
grettable that not one of these authors took the trouble to fix the holotype 
of the species, or even to connect the figures of Agassiz with the stations. 
First, it seems advisable to pin U. agassizi Lambert and Thiéry down 
to the original of figures 1-6 as lectoholotype; it agrees with their char- 
acterization of the species much better than the original of figures 7-9, 
which is a depressed form with an apical system resembling that in other 
specimens of U. naresianus. This latter specimen is, in fact, that which 


11 Alexander Agassiz: Preliminary report on the Echint of the exploring expedition 
of H. M. 8. “Challenger,” Amer. Acad., Proc., vol. 14 (1879) p. 202. 

uzPp, M. Duncan: op. cit., p. 211. 

us J, Lambert: Description des échinides crétacés de la Belgique. I. Htude mono- 
graphique sur le genre Echinocorys, Mus. Hist. Nat. Belgique, Mem., vol. 2 (1903) p. 
29, note. 

u4Th. Mortensen: Echinoidea, Part II, Danish Ingolf-Expedition, vol. 4, no. 2 (1907) 
p. 43. 

u5 Alexander Agassiz: Reports on the results of dredging .. .by the U. 8S. coast sur- 
vey steamer “Blake” ..., vol. 24, pt. 1 (1883); Report on the Echini, Mus. Comp. 
Zool., Harvard, vol. 10, no. 1 (1883). p. 52. 

ue H. L, Clark: A catalogue of the Recent sea-urchins (Echinoidea) in the collection 
of the British Museum (Natural History) (1925) p. 187. 

117 Alexander Agassiz: Report on the Hchinoidea, Report H. M. 8. Challenger, Zool., 
vol. 3, no. 9 (1881) p. 147. 

us J, Lambert and P. Thiéry: op. cit., p. 422. 

u9 J. Lamberti: Description des échinides crétacés de la Belgique. I. Etude mono- 
graphique sur le genre Echinocorys, Mus. Hist. Nat. Belgique, Mem., vol. 2 (1903) p. 
29, note. 

1 Th. Mortensen: Echinoidea, Part II, Danish Ingolf-Expedition, vol. 4, no. 2 (1907). 
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Agassiz *** in the explanation of the plate singled out as “Normal Ure- 
chinus naresianus” and again in the report on Blake Echini *** selected 
for comparison as the “normal stage.” This, then, must here be fixed 
as the lectoholotype of U. naresianus; it is impossible to discover from 
previous publications at which station it was dredged. C, C. A. Munro 
states: 12° “I see no means of identifying the specimen figured by Agassiz 
in his plate xxxa, figures 7-9. Agassiz gives no measurements, and there 
is no label attached to the specimens to indicate that they have been 
figured. I have looked through the Challenger examples of this species 
and I think that one from Station 146 is nearest to Agassiz’s figures, 
but this is sheer guess work.” This is no better than one might have 
expected, but it at least suggests that the specimen sought did come from 
Station 146 and was, therefore, not one of those separated from the type 
by Mortensen, Lambert and Thiéry, and Agassiz himself, As independent 
personal examination of the specimen suggested by Munro fully confirms 
his opinion, it is hereby fixed as lectoholotype. 

The original species of Cystechinus A. Agassiz*** were C. wyvillet, 
C. clypeatus, and C. vesica. Of these, C. wyvtllei was taken as genotype 
by Gregory,!*° presumably as having been mentioned first. The syntypes 
are in the Challenger Collection, British Museum, and it does not appear 
that anyone has yet troubled to select a holotype. Neither Agassiz nor 
Clark made any attempt to connect the figures with the stations. Clark’s 
reasons for citing one plate of the Challenger Report rather than another 
in his British Museum catalogue 1*° are not revealed to the reader, but can 
have nothing to do with fixing a holotype. The species is transferred to 
Urechinus by Mortensen and H. L. Clark.!?8 

C. clypeatus, as recognized by Agassiz,’*° comprised among its syn- 
types a thin-plated form from the deep-water (nearly 2000 fathoms) 
South Atlantic stations, and a thick-plated form from the shallower-water 


121 Alexander Agassiz: Report on the Echinoidea, Report H. M. S. Challenger, Zool., 
vol. 3, no. 9 (1881) p. 303. 

122 Alexander Agassiz: Reports on the results of dredging . . . by the U. 8. coast sur- 
vey steamer “Blake” .. ., vol. 24, pt. 1(1883) ; Report on the Echini, Mus. Comp. Zool., 
Harvard, Mem., vol. 10, no. 1 (1883) p. 52. 

123In litt., February 7, 1933. 

1% Alexander Agassiz: Preliminary report on the Echini of the exploring ewpedition of 
H. M. 8. “Challenger,” Amer. Acad., Proc., vol. 14 (1879) p. 207, 209. 

125 J. W. Gregory: Cystechinus crassus ... from the Radiolarian Marls of Barba- 
dos, Geol. Soc., Quart. Jour., vol. 45 (1889) p. 641. 

16H. L. Clark: A catalogue of the Recent sea-urchins (Echinoidea) in the collection 
of the British Museum (Natural History) (1925) 250 pages. 

17 Th. Mortensen: Echinoidea, Part II, Danish Ingolf-Expedition, vol. 4, no. 2 (1907) 
200 pages. 

28H. L. Clark: A catalogue of the Recent sea-urchins (Echinoidea) in the collection 
of the British Museum (Natural History) (1925) 250 pages. 

1 Alexander Agassiz: Report on the Echinoidea, Report H. M. 8. Challenger, Zool., 
vol. 3, no. 9 (1881) p. 149. 
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(about 1000 fathoms) station in the China Sea. The greater part of 
the description, the chief structural figures, and the trivial name, given 
by Agassiz are, it seems plain, based on the thick-plated form. Gregory,’*° 
however, who emphasized the difference between the two forms, and 
thought that the thick-plated one was the form among all Recent species 
“most closely allied” to C. crassus, spoke of “the type specimen of C. 
clypeatus” as included in the South Atlantic material. H. L. Clark *™ 
also mentions the “holotype” as in the British Museum and clearly re- 
gards it as in the same lot. When, where, and by whom the holotype was 
fixed, or what sort of specimen it is does not appear. Mortensen *** 
supposed that Agassiz himself regarded the thick-plated form as the 
type, partly because “on the labels of the thin-plated specimens there 
is a mark of interrogation.” But as Mortensen regarded the description 
and figures of Agassiz *** as made from the thin-plated form, he allowed 
that form to keep the name C. clypeatus. In this he was followed by 
Clark,’** but why Clark says of this species “no figures available” is a 
mystery; there is at any rate the figure on page 47 of Mortensen’s 
“Kchinoidea,” and apparently plate xlv, figure 29, in Agassiz’ “Report on 
the Echinoidea,” belongs to this thin-plated form. The Agassiz plate 
xxxv b, figure 10 showing the apical system as described by him,’** was 
thought by Mortensen to refer to the thin-plated form, but Clark *** says 
that he found the original among the fragments from Station 205, the 
locality of the thick-plated form, and he implies that it is thick-plated, 
adding that “Mortensen evidently did not see this fragment.” That clears 
up some of the difficulty, and enables one to form a clearer conception of 
the thick-plated form. 

However much one dissents from the precarious arguments of the high 
authorities quoted, it is too late to do anything but follow their lead in 
confining the name C. clypeatus to the thin-plated species, while regretting 
that not one of them has really fixed the holotype. With H. L. Clark **" 


19 J, W. Gregory: Cystechinus crassus ... from the Radiolarian Marla of Barba- 
dos, Geol. Soc., Quart. Jour., vol. 45 (1889) p. 640-650. 

11H, L. Clark: A catalogue of the Recent sea-urchins (Echinoidea) in the collection 
of the British Museum (Natural History) (1925) p. xi. 

182 Th. Mortensen: Echinoidea, Part II, Danish Ingolf-Expedition, vol. 4, no. 2 (1907) 
200 pages. 

133 Alexander Agassiz: Report on the Echinoidea, Report H. M. 8. Challenger, Zool., 
vol. 3, no. 9 (1881) 322 pages. 

14H. L. Clark: A catalogue of the Recent sea-urchins (Echinoidea) in the collection 
of the British Museum (Natural History) (1925) p. 186. 

13 Alexander Agassiz: Report on the Echinoidea, Report H. M. 8. Challenger, Zool., 
vol. 8, no. 9 (1881) p. 149, line 11. If this refers to the figured specimen, “left anterior” 
should read “left posterior.” 

1% H. L. Clark: A catalogue of the Recent sea-urchins (Echinoidea) in the collection 
of the British Museum (Natural History) (1925) p. 186. 

137 HH, L, Clark: Hawaiian and other Pacific Echini ... The Spatangina, Mus. Comp. 
Zool., Harvard, Mem., vol. 46, no. 2 (1917) p. 85-284. 
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we transfer the species to Urechinus. The thick-plated shallower-water 
form from the China Sea was regarded by Mortensen *** as “probably 
a new genus”; H. L. Clark **® thought it “not identifiable but... 
probably one of the Pourtalesiidae,” and in 1925, having identified the 
original of Agassiz’ plate xxxv b, figure 10, he still considers that its 
pedicellariae show it to be a Pourtalesiid although the apical system is 
more like that of a Urechinid. Mortensen **° said that if this were to 
prove a separate genus, it would “then keep the name Cystechinus.” 
That, unfortunately, is impossible, for the name Cystechinus must fol- 
low its genotype, C. wyvillei. Considering the plethora of generic names 
in Urechinidae and Pourtalesiidae—almost one per species or even per 
specimen, and fragmentary at that—one hesitates to establish another 
on these disputed fragments. A provisional way out may be found by 
referring the species to Sternopatagus de Meijere as a new species S. 
sinensis, with holotype the original of the Agassiz ** plate xxxv b, figure 
10, in the British Museum. 


Sternopatagus sinensis n. sp.—Sternopatagus De Meijere,’*? with sole 
species S. stbogae was fully described and discussed by De Meijere.** 
The only known specimen was dredged from a depth of 2050 meters in 
the Arafura Sea, not far, in either depth or distance, from S. sinensis. 
De Meijere placed it in the Pourtalesiidae, while admitting resemblances 
to Echinocorythidae. The apical system with its surroundings ‘* is re- 
markably like that of S. sinensis, differing essentially only in the separa- 
tion of genitals 1 and 4 by ocular I, which just touches ocular IV. In 
S. sinensis the plates, starting from oc. III, follow in regular pairs 
| 2,3 | II, IV | 1,4 | 1, V |; each genital has its pore, and the madre- 
porite is confined to 2. The position of the periproct is the same, although 
vertically elliptical in S. sinensis*** and almost circular in S. sibogae. 
The pedicellariae figured by Mortensen *** as belonging to S. sinensis do 
not closely resemble the few of S. sibogae figured by De Meijere, but they 
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200 pages. 

19H. L. Clark: Hawaiian and other Pacific Echini . .. The Spatangina, Mus. Comp. 
Zool., Harvard, Mem., vol. 46, no. 2 (1917) p. 85-284. 

140 Th, Mortensen: Echinoidea, Part II, Danish Ingolf-Expedition, vol. 4, no. 2 (1907) 


p. 46. 
141 Alexander Agassiz: Report on the Echinoidea, Report H. M. S. Challenger, Zool., 


vol. 3, no. 9 (1881) pl. 35b, fig. 10. 

uz J, C. H. De Meijere: Vorliéufige Beschreibung der neuen, durch die Siboga Erpedi- 
tion gesammelten Echiniden, Tijdschr. Nederland. Dierk. Ver., vol. 8, no. 2 (1903) p. 10. 

us J. C. H. De Meijere: Die Echinoidea der Siboga-Ezpedition, Siboga-Expeditie, vol. 
43 (1904) p. 154 et seq. 

144 Op. cit., pl. 20, fig. 409. 

145 Alexander Agassiz: Report on the Echinoidea, Report H. M. S. Challenger, Zool., 


vol. 3, no. 9 (1881) pl. 35b, fig. 11. 
14 Th. Mortensen: Echinoidea, Part II, Danish Ingolf-Expedition, vol. 4, no. 2 (1907). 


848 F, A. BATHER—CHELONECHINUS N.G. 


are accepted as having a Pourtalesiid character. There is a general 
resemblance in relative size of plates, and no great difference in absolute 
size of test. The ornament is much the same. Whether the “broad band 
of miliaries, with an indistinct outer edge (almost a fasciole)” on “the 
edge of the test adjoining the anal system” **” refers to S. sinensis, or 
whether, if so, it may be comparable to the peculiar fasciole similarly placed 
in S. sibogae is uncertain. On the whole, although there is little proof 
that the China Sea form belongs to Sternopatagus, there is no evidence 
to the contrary, and it does not belong to any other known genus. That 
it is a distinct species is obvious, not so much from the slight difference 
in the apical system and the proportions of the periproct, as in the dif- 
ference between the pedicellariae. 

Before comparing Chelonechinus with Sternopatagus we must return 
to Urechinus. The remaining species of Cystechinus in the Challenger 
Report, C. vesica Agassiz,'** was removed by Agassiz in 1904 to Pilemate- 
chinus n. g., together with C. rathbuni as genotype. That genus will be 
considered later. The other species of Urechinus are, in order of estab- 
lishment : 

U. giganteus A. Agassiz,“ fully described and figured by Agassiz.” 

U. loveni (A. Agassiz, as Cystechinus),™ fully described by Agassiz,™ and 
referred to Urechinus by Mortensen. 

U. drygalskii Mortensen,™ further described Mortensen. 


U. fragilis Koehler,” further described Koehler ;“" Mortensen * compares 
to this a form of U. naresianus and suggests that the two may be a dis- 


147 Alexander Agassiz: Report on the Echinoidea, Report H. M. 8. Challenger, Zool., 
vol. 3, no. 9 (1881) p. 149. 

148 Alexander Agassiz: Preliminary report on the Echini of the exploring expedition 
of the H. M. 8. “Challenger” ..., Amer. Acad., Proc., vol. 14. 

149 Alexander Agassiz: Reports on the dredging operations ... by the... “Alba- 
tross” during 1891, vol. 23 (1898) ; Preliminary report on the Echini, Mus. Comp. Zool., 
Harvard, Bull., vol. 32 (1898) p. 79. 

18 Alexander Agassiz: Reports on an exploration ... by the... “Albatross” dur- 
ing 1891. XXXII. The Panamic Deep Sea Echini, Mus. Comp. Zool., Harvard, Mem., 
vol. 31 (1904) p. 152. 

151 Alexander Agassiz: Reports on the dredging operations ... by the... “Alba- 
tross” during 1891, vol. 23 (1898) ; Preliminary report on the Echini, Mus. Comp. Zool., 
Harvard, Bull., vol. 32 (1898) p. 79. 

182 Alexander Agassiz: Reports on an exploration ... by the... “Albatross” dur- 
ing 1891, vol. 32 (1904); The Panamic Deep Seca Echini, Mus. Comp. Zool., Harvard, 
vol. 31 (1904) p. 158. 

153 Th. Mortensen : Echinoidea, Part II, Danish Ingolf-Expedition, vol. 4, no. 2 (1907) 
p. 50. 

14 Th. Mortensen: Some new species of Echinoidea, Vid. Medd. (1905) p. 241. 

155 Th. Mortensen : Die Echinoiden, Deutsch. Siidpol-Exped. X, Zool., bd. 3, (1909) p. 80. 

16 R. Koehler: Asteries, Ophiures et Echinides recueillis dan les mers australes par 
la “Scotia,” Zool. Anz., vol. 32 (1907) p. 147. 

137 R. Koehler: Asteries, Ophiures et Echinides de UV’ Expédition antarctique nationale 
ecossaise, R. Soc. Edinburgh, Trans., vol. 46 (1908) p. 624. 

158Th. Mortensen: Die Echinoiden, Deutsch, Stidpol-Exped. X, Zool., bd. 3, (1909) 


p. 78. 
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tinct genus of which a character would be the situation of the periproct 
on the ventral face. 

Cystechinus purpureus Agassiz and Clark,’ referred to Urechinus by Mor- 
tensen,™ and considered a synonym of U. loveni by H. L. Clark. 

U. reticulatus H. L. Clark.’ 

U. agassizi Lambert and Thiéry ** is probably an abnormal U. naresianus, as 
explained above under that species. 


Urechinus diagnosed.—In spite of the additions to knowledge and the 
changes of opinion just recounted, no one since Duncan had attempted 
a formal definition of Urechinus until Lambert and Thiéry ** gave an ex- 
ceedingly brief one, which did not take into account all the available knowl- 
edge. The following is an attempt to supply the deficiency: 


Urechinus—a Urechinid with test of thin plates, ovoid in outline, often 
with a slight posterior keel, tumid, varying from a low arch to high coni- 
cal; oral face flat with slightly keeled plastron; peristome slightly ante- 
rior, at most % of total length from the anterior margin, circular or 
somewhat elliptical transversely, slightly sunken; normally all areas 
enter peristomial border, the interambulacra with one plate, the ambul- 
acra with two plates; phyllodes and bourrelets absent or feebly devel- 
oped ; plastron semimeridosternous (orthosternous), composed of labrum 
(1), median sternal (@2), paired sternals (a3, 62), paired episternals 
(aA, 63), paired preanals (a5, 04); followed by 4 pairs of periproctals; 
periproct at or below ambitus, circular or vertically elliptical; apical 
system slightly anterior, elongate, sometimes slightly disjunct, ethmoph- 
ract, two gonopores in genitals 1 and 4, and one with the madreporite 
in 2, or two in 2 and 3 which may be fused; anterior genitals separated 
from posterior pair either by oculars Il and IV or by several irregular 
plates among which the identity of those oculars may be lost. 

Genotype: U. naresianus A. Agassiz. 


CHELONECHINUS COMPARED WITH SIMILAR GENERA 


Urechinus 


Chelonechinus differs from Urechinus in the following features of im- 
portance: No posterior keel; peristome anterior, one quarter or less of 
the total length from the front margin; 1 and 4 apparently do not enter 
peristomial border: labrum separated from median sternal by ambu- 
lacrals; only two pairs of periproctals; apical system has all elements 
distinct, approximately equal in size, and normally with no intercalated 
plates. 


159 Alexander Agassiz and H. L. Clark: Preliminary report on the Echini collected 
in 1902, among the Hawaiian islands by the ... “Albatross” ..., Mus. Comp. Zool., 
Harvard, Bull., vol. 50, no. 3 (1907) p. 181. 

10 Th. Mortensen : Die Echinoiden, Deutsch. Siidpol-Exped. X, Zool., bd. 3 (1909) p. 79, 
footnote. 

161 H. L. Clark: Hawaiian and other Pacific Echini ... The Spatangina, Mus. Comp. 
Zool., Harvard, Mem., vol. 46, no. 2 (1917) p. 123. 

12H. L. Clark: Echinoderms from Lower California, with descriptions of new species 
(dredged by “Albatross’”’), Amer. Mus. Nat. Hist., Bull., vol. 82 (1918) p. 224. 

163 J, Lambert and P. Thiéry: op. cit., p. 422, footnote. 
14 Op. cit., p. 120. 
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A point of supposed likeness, on which Gregory’® had a special para- 
graph, turns out on closer investigation to be a point of unlikeness. In 
his diagnosis of Cystechinus, he said: “Epistroma. The whole test is 
ornamented with a fine granulation and scattered tubercles.” In his 
description of C. crassus, he repeats “covered by a minute granulation 
with a few irregularly scattered small tubercles.” Now the epistroma 
of C. crassus, as may be seen from Gregory’s figure 3 (our Fig. 15) and 
its legend (the accuracy of which has now again been verified), is not a 
granulation but a punctation; and the same is the case with C. suvae. 
The epistroma of the living species of Urechininae, however, as figured 
by Agassiz,*®* does appear to have been a granulation; if any ornament 
like that of Chelonechinus had been present, it could hardly have escaped 
mention. To make sure, plates of Urechinus [Cystechinus] wyvillei® 
have been cleaned and examined under the microscope. They show no 
trace of linear punctation, but an irregular, minute confluent granula- 
tion, rising out of which are primary and secondary tubercles and mili- 
aries. Gregory further’ is “struck by the remarkable resemblances be- 
tween” the plates of Urechininae “and those of the Palaeechinoidea, 
which are especially obvious in” C. crassus. “The similarity .. . is 
most surprising. In both” is “an epistroma of minute granulation.” 
Several plates of the genus given by him as an example, namely, 
Palaechinus (Brit. Mus., E 4546) have, therefore, been examined, and 
have, indeed, displayed a surface not unlike that of Cystechinus wyvillet, 
but no suggestion of a punctation like that of C. crassus. It is possible 
that the conventional treatment in my black-and-white diagram of the 
epistroma of C. crassus misled my colleague. This striking feature of 
the epistroma is, therefore, a point in which C. crassus and C. swvae re- 
semble one another but differ from Urechinus. In the absence of better 
evidence it is a good argument in favor of regarding the two forms 
as belonging to one genus. 


Pilematechinus 
Pilematechinus appears to have been founded by A. Agassiz in 19047°° 
165 J. W. Gregory: Cystechinus craseus ... from the Radiolarian Marls of Barba- 


dos, Geol. Soc., Quart. Jour., vol. 45 (1889) p. 641. 

166 Alexander Agassiz: Report on the Echinoidea, Report H. M. 8S. Challenger, Zool., 
vol. 3, no. 9 (1881) pl. 29a, figs. 12, 18; pl. 29b, fig. 9; pl. 31a, figs. 8a, 10a, 16; pl. 34, 
figs. 1-4; pl. 35a, fig. 7; pl. 35b, fig. 10. 

167 British Museum 81, 11, 22, 134. 


168 J. W. Gregory: Cystechinus crassus ... from the Radiolarian Marls of Barba- 
dos, Geol. Soc., Quart. Jour., vol. 45 (1889) p. 644. 
16° Alexander Agassiz: Reports on an ezploration ... by the... “Albatross” dur- 


ing 1891, vol. 32 (1904); The Panamic Deep Sea Echini, Mus. Comp. Zool., Harvard, 
vol. 31 (1904) p. 163. 
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for the reception of a group including Cystechinus rathbuni A. Agassiz*’° 
and C. vesica A. Agassiz’. C. rathbuni is generally regarded as the 
genotype although Agassiz was not definite on this. It was already 
abundantly clear from the figures in the Challenger Report (not from 
the description) *** that C. vesica was generically distinct from any other 
species therein described, but the original description and figures of 
C. rathbuni showed nothing generically diagnostic. In the oral surface 
of C. vesica it was shown by plate xxxv, figures 11, 12, that ambulacra I 
and V were not differentiated from the others and that interambulacrum 
5 was composed, like the others, of reguarly alternating plates. The 
apical system, as drawn in plate xxxv, figure 6 and plate xxxv a, figures 
5, 6, has only three genitals and three gonopores, whereas the other 
species of Cystechinus described in the Challenger Report have each four 
gonopores; also C. rathbuni “has four genital pores in all the speci- 
mens.” 1" A difference in the number of gonopores is not regarded by all 
authorities as of taxonomic importance, and the abortion of gonopore 2 is 
common in Urechinus as in many other Spatangoids; but the interest- 
ing feature in C. vesica is not so much the absence of genital 2, the one 
that usually bears the madreporite, as the migration of the hydropores 
into interradius 3. In P. rathbuni the pores extend into ocular III, 
genital 3, and another plate (perhaps oc. II), but most of them are in 
the enlarged genital 2. Other notable differences between the two species 
are that in P. vesica the periproct is below the ambitus,’* but in P. 


170 Alexander Agassiz: Reports on the dredging operations... by ... “Albatross” 
during 1891, vol. 23 (1898) ; Preliminary report on the Echini, Mus. Comp. Zool., Har- 
vard, Bull., vol. 32 (1898) p. 79. 

171 Alexander Agassiz: Preliminary report on the Echini of the ezploring expedition 
of H. M. 8S. “Challenger” ..., Amer. Acad., Proc., vol. 14 (1879) p. 209; Report on the 
Echinoidea, Report H. M. 8. Challenger, Zool., vol 3, no. 9 (1881) p. 150. 

172 Alexander Agassiz: Report on the Echinoidea, Report H. M. S. Challenger, Zool., 
vol. 3, no. 9 (1881) p. 150, line 13 from top, and bottom line. Agassiz is here, as else- 
where, occasionally difficult to follow: ‘‘the large size of the ambulacral plates” is said, 
both here and in the original description, to be diagnostic. The following ratios of 
width are deduced from the author’s own illustrations (he gives no measurements) : the 
interambulacral in each case being 100, the corresponding ambulacral is from 85 to 87 
in C. clypeatus ; from 84 to 100 in C. wyvillei; from 50 to 75 in C. vesica, which, there- 
fore, of all species referred to the genus has the smallest ambulacrals; op. cit., p. 150, 
bottom line “barely disconnected ambulacral system’; presumably the “apical system” 
is meant, although markedly “disconnected.” 

173 Alexander Agassiz: Reports on the dredging operations ... by the... “Alba- 
tross” during 1891, vol. 23 (1898) ; Preliminary report on the Echini, Mus. Comp. Zool., 
Harvard, Bull., vol. 32 (1898). 

1% Alexander Agassiz: Reports on an exploration ... by the... “Albatross” dur- 
ing 1891, vol. 32 (1904); The Panamic Deep Sea Echini, Mus. Comp. Zool., Harvard, 
Mem., vol. 31 (1904) p. 163, 167. Probably Agassiz had no intention of contradicting 


himself. 
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rathbuni well above the ambitus; in P. vesica’™® the adoral pores, are 
simple; in P. rathbuni**® they are double. 

Whatever these differences may be worth, the sole character of Pile- 
matechinus selected by Agassiz was thai the labrum rested on two in- 
terambulacrals'”* followed by others in alternating succession. Morten- 
sen, however,’”® has shown that in P. vesica the labrum is followed, as in 
other Urechinids, by a single sternal plate, and he suggests that the struc- 
ture is really the same in P. rathbunt. All one can say in reference to 
Chelonechinus is that Ptlematechinus, whether it be a valid genus or no, 
departs more from Chelonechinus in the structure of the plastron than 
does any Urechinus. 


Plexechinus 


Plexechinus A. Agassiz,’"® with genotype P. cinctus, was placed by its 
author in “Pourtalesiae” but was said to combine some of the features of 
Urechinus and Pourtalesia. Mortensen, who added the species P. 
hirsutus,®° transferred the genus to Urechinidae, with which it agrees in 
the flush peristome and meridoplacous interambulacra.’* Lambert and 
Thiéry,’** after discussion of the apical system, agree that the genus is a 
Urechinid. 

The genus is of particular interest for comparison with Chelonechinus, 
for in P. cinctus the labrum is separated from the sternum by plates 2 
of the adjacent ambulacra. The succeeding plates of interambulacrum 5 
correspond in number and position until 5a and 6b, which in Chelonechi- 
nus, together with 6a and 7b, are the periproctals, whereas in P. cinctus 
the periproctals are 6a, 7b, 7a, 8b, 8a, 9b. In another specimen’** there 


1% Alexander Agassiz: Report on the Echinoides, Report H. M. 8. Challenger, Zool., 
vol. 3, no. 9 (1881) pl. xxxv, figs. 11, 12. 

176 Alexander Agassiz: Reports on an exploration ... by the... “Albatross” dur- 
ing 1891, vol. 82 (1904); The Panamic Deep Sea Echini, Mus. Comp. Zool., Harvard, 
Mem., vol. 31 (1904) pl. Ixxxv, figs. 1, 2. 

177 J. Lambert and P. Thiéry: In spite of this, Lambert and Thiéry (op. cit., p. 420) 
say of P. rathbuni “plastron méridosterne” ; they retain C. vesica in Cystechinus. 

17%8 Th. Mortensen: Echinoidea, Part II, Danish Ingolf-Expedition, vol. 4, no. 2 (1907) 
p. 51, fig. 6. 

179 Alexander Agassiz: Reports on the dredging operations ... by the... “Alba- 
tross” during 1891, vol. 23 (1898) ; Preliminary report on the Echini, Mus. Comp. Zool., 
Harvard, Bull., vol. 82 (1898) p. 78. 

19 Th. Mortensen: Some new species of Echinoidea, Vid. Medd. (1905) p. 61. 

181 Alexander Agassiz: Reports on an erploration ... by the... “Albatross” dur- 
ing 1891, vol. 32 (1904); The Panamic Deep Sea Echini, Mus. Comp. Zool., Harvard, 
Mem., vol. 31 (1904) p. 150. 

182 J. Lambert and P. Thiéry: op. cit., p. 421. 

188 Alexander Agassiz: Reports on an exploration ... by the... “Albatross” during 
1891, vol. 32 (1904); The Panamic Deep Sea Echini, Mus. Comp. Zool., Harvard, Mem., 
vol. 31 (1904) p. 59, fig. 2. 
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seem to be eight periproctals. There is a well-marked subanal fasciole, 
taking in the plates from 2a, 3b to 5a, 6b, and entirely enclosing 3a, 4b, 
where there is a strong episternal angle so that the fasciole passes over 
the ambulacrals, Ambulacrals 2 meet only by their angles, not as in 
Chelonechinus by a long side. In P. hirsutus the labrum just touches 
the sternum in most specimens, but in one ambulacrals 2 meet by as long 
a suture as in Chelonechinus'* ; in P. nordenskjéldi the labrum rests on 
the sternum by a relatively long side. In P. nordenskjéldi there are 
three pairs of periproctals, but in P. hirsutus there are four pairs. 

The apical system in P. cinctus and P. hirsutus is disjunct, with many 
intercalated plates among which it is impossible to distinguish all the 
genitals; a simple plate adjoining ocular III bears two genital and one 
madreporic pore and may, therefore, be regarded as genitals 2 and 3 
fused.*** In P. nordenskjéldi, on the contrary, the system as figured by 
Mortensen’** might almost be mistaken for that of C. suvae, the only dif- 
ference being that oculars II and IV meet and separate the anterior from 
the posterior genitals, instead of being separated by genitals 1 and 8 
meeting between them. 

From Chelonechinus, Plexechinus is absolutely distinguished by its 
subanal fasciole and correlated ambulacra I and V, but the independent 
variations towards Chelonechinus structure in sternum and apical system 
suggest caution in discussing affinities. 


Sternopatagus 


Sternopatagus De Meijere **’ with the single species S. sibogae, from 
2050 meters in the Arafura Sea, was referred by its author to the Pour- 
talesiidae, although resemblances to Echinocorythidae were insisted on. 
Not only in general shape and structure, but also in some peculiar de- 
tails the species is remarkably like Chelonechinus. Thus, the apical 
system is at the vertex, almost central, elongate, composed of large, 
clearly-defined plates, viz., 5 oculars, 4 genitals, each with a gonopore 
and the madreporite confined to 2; the arrangement is a variant of those 
in Plexechinus and Chelonechinus in that, on the one hand, oculars II 
and IV meet between the anterior and the posterior genitals, and, on the 


14 Th. Mortensen : Echinoidea, Part II, Danish Ingolf-Expedition, vol. 4, no. 2 (1907). 

18 Alexander Agassiz: Reports on an exploration ... by the... “Albatross” during 
1891, vol. 32 (1904) ; The Panamic Deep Sea Echini, Mus. Comp. Zool., Harvard, Mem., 
vol. 31 (1904) pl. Ix, fig. 1. 

1% Th. Mortensen: The Echinoidea of the Swedish South Polar Expedition, Wiss. 
Ergeb. Schwed. Siidpolar Exped., vol. 6, no. 4 (1910) pl. xvii, fig. 1. 

187 J. C. H. De Meijere: Vorldufige Beschreibung der neuen, durch die Siboga-Erpedition 
gesammelten Echiniden, Tijdschr. Nederland. Dierk. Ver., vol. 8, no. 2 (1903) p. 10; 
Die Echinoidea der Siboga-Erpedition, Siboga-Expeditie, vol. 43 (1904) p. 154. 
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other hand, oculars I and IV meet between genitals 1 and 4. Plerechinus 
has the elongate arrangement with plates in pairs, as in the normal Echi- 
nocorys; Sternopatagus has the same arrangement in the anterior half, 
but a disturbance behind which places the four normally paired ambu- 
lacrals in zigzag ; Chelonechinus has the anterior and the posterior pairs, 
but a disturbance in the middle which places the four genitals in zigzag. 

The plastron of Sternopatagus consists of the same plates as that of 
Chelonechinus similarly arranged. The difference lies in its less rela- 
tive width (cf. Echinocrepis) ; it does not broaden until pre-proctals 
a4 and b5; these are followed by four pairs of low and wide periproctals 
encircling a relatively larger circular periproct. 

As in Chelonechinus, interambulacra 1 and 4 are separated from the 
peristome by the meeting of I and II, and IV and V. 

There are, however, important differences between the two genera. 
The peristome of Sternopatagus is longitudinally elliptical, set verti- 
cally at the end of a groove stretching to the anterior margin of the oral 
face, thus approaching Pourtalesiidae. The peristomal border comprises, 
according to De Meijere’s definition, the labrum, two interambulacrals 
in each of 2 and 8, two ambulacrals in III, and one plate in each of 
the other ambulacra. In view of this exceptional arrangement, it is 
fair to remark that only one specimen is known, that De Meijere’s photo- 
graph ?** shows the peristomal region to be obscure if not damaged, 
and that no diagram of the whole peristomal border is attempted.?** 
A marginal fasciole, starting below the periproct encloses the whole oral 
surface including the peristomal region. There is no subanal fasciole. 


Stereopneustes 


Stereopneustes De Meijere,’® with the single species S. relictus from 
522 meters in the Sulu Sea and 827 meters in the Halmahera Sea, on a 
hard bottom, was placed by its describer in the Echinocorythidae and this 
was accepted by Mortensen and by H. L. Clark on the ground 
of its zygopores and its amphiplacous interambulacra 2 and 4. The 


18 J. C. H. De Meijere: Die Echinoidea der Siboga-Ezpedition, Siboga-Expedite, vol. 
43 (1904) pl. viii, fig. 81. 

19 J. C. H. De Meijere: Die Echinoidea der Siboga-Ezrpedition, Siboga-Expedite, vol. 
43 (1904) pl. xx, fig. 410. 

1 J. C. H. De Meijere: Vorléiufige Beschreibung der neuen, durch die Siboga-Ezpedition 
gesammelten Echiniden, Tijdschr. Nederland. Dierk. Ver., vol. 8, no. 2 (1903) p. 9; Die 
Echinoidea der Siboga-Expedition, Siboga-Expeditie, vol. 48 (1904) p. 147. 

11 Th. Mortensen: Echinoidea, Part II, Danish Ingolf-Expedition, vol. 4, no. 2 (1907) 
p. 87. 

12H. Lyman Clark: Hawaiian and other Pacific Echini ... The Spatangina, Mus. 
Comp. Zool., Harvard, Mem., vol. 46, no. 2 (1917) p. 124. 
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evidence for the latter character is not clear: it is not stated in either 
the definition of the genus or the description of its genotype, nor can 
it be inferred with certainty from the figures. This, if an Echinocory- 
thid, is the only known Recent representative; it is scarcely a typical 
example of the family but presents some resemblance to Urechinidae, 
as De Meijere fully recognised, and to Chelonechinus. The apical sys- 
tem is central, elongate, and on the plan of Hchinocorys and Plexechinus ; 
but oculars II and IV are almost separated by the enlarged madreporite 
—genital 2, not by 3 as in Chelonechinus. The plastron is meridoster- 
nate but is even more modified in a superficially amphisternate direction 
than in Chelonechinus. A narrow, elongate, symmetrical labrum rests 
squarely on a symmetrical eight-sided sternal 62, and this again rests 
squarely on two enantiomorph sternals a2, b3, which meet in a median 
suture; an almost imperceptible bevel, or shoulder, where this suture 
meets the adoral end of a2 is evidence of that plate’s former alternation 
with 62. So far the elements of the plastron correspond with those of 
Urechinus, differing only in the greater symmetry of the last two; that 
symmetry is intensified by the peculiarity that those plates rest by oblique 
aboral sutures on a single, symmetrical, hexagonal sternal, which De 
Meijere letters a3 ; this is followed by a series of plates in almost regular 
pairs, in which, according to De Meijere’s numbering, a4 pairs with 04, 
and so on down to a9 and b9; of these the 4 pair would presumably be 
episternals, the 5 pair preanals, and the 6, 7, 8 pairs periproctals. De 
Meijere may be correct in his numbering, but comparison with Urechinus 
and Chelonechinus suggests that his a3 may represent the fused a3 and 
b4, and that the subsequent pairs are not 4/4 and so on, but 5/4 and 
so on, 9/8 being the adapical periproctals as in Sternopatagus and 
Urechinus ***, It is noteworthy that Stereopneustes has a well-marked 
subanal fasciole, which encircles this single a3 and traverses the paired 
interambulacrals in front and behind it, as well as the fifth ambulacrals 
in I a, and V 5; also, that there is at this point a strong episternal angle 
precisely corresponding to that in Urechinus and other Spatangoids, not 
excluding Chelonechinus, in which it affects the two plates a3 and 04. 
Whichever interpretation be adopied, it is clear that the supposed Echi- 
nocorythid Stereopneustes has advanced much further in the specializa- 
tion of its plastron than contemporary genera referred to families of 
presumed later origin. Lambert and Thiéry*™* place Stereopneustes 
in their Offasterinae close to Duncantaster Lamb. and Messaoudia Lamb., 


2% Sven Lovén: On Pourtalesia, Svenska Vet.-Akad. Handl., vol. 19, no. 7 (1883) 


fig. 239. 
1% J, Lambert and P. Thiéry: op. cit., p. 408. 
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from which it is distinguished by its subanal fasciole. The resemblance 
in other respects is not easy to see. 

There do not appear to be any other Recent genera with which it would 
be profitable to compare Chelonechinus, but there are fossil Echinocory- 
thids that show modifications in the same direction. 


Stegaster 


Stegaster was founded by Pomel.’** J. Seunes ’** accepted the genus, 
saying “caracterisé par son appareil apical intercalaire.” Seunes '*’ dis- 
cussed the genotype, after study of its holotype, saying of it, “Le carac- 
tére le plus saillant . . . réside dans l’épaisseur considérable du test.” 
He gave a diagnosis including these two characters, and considered “ce 
genre” as a “section” or “sous-section” of Offaster. He turned out of 
the genus all the five other species referred to it by Pomel, but added to 
it Offaster caucasicus Dru, 1884, Holaster bouillei Cotteau, 1873, and 
three new species from the Lower Danian, with a fourth in the follow- 
ing year. J. Lambert’ considered the genotype “plus voisin sans 
doute du Galeaster que de toue autre forme,” but, as he cast doubts 
on the validity of Galeaster, the meaning of that sentence remains 
obscure. At any rate he did not consider Cardiaster gillieroni well 
enough known to bear the weight of a genus. Nonetheless, he continued 
to speak of the five other species as Stegaster, but pointed out that they 
presented two very different types, distinguished inter alia apparently 
by the structure of the plastron. In the one type it was clearly merido- 
sternate; in the other type its structure was known only in S. cotteaui 
Seunes. Lambert *® who severely restricted Offaster, said Stegaster 
differed from it “par son péristome invaginé.” This complicated his- 
tory was needed to explain to what precisely the next paragraph refers. 

In a letter dated “23 Novembre, 1903,” Lambert wrote, “Votre our- 
sin de Fiji doit etre trés intéressant ... Le Cystechinus crassus Greg- 
ory m’a toujours paru avoir encore plus de rapports avec Stegaster 
qu’avec les vrais Cystechinus des grands fonds actuels. L’ornementation 
de la figure 3 de Mr. Gregory, différente de celle donnée par Al. Agassiz 


1% A. Pomel: Classification méthodique et gencra des Echinides . .. thesis, Fac. Sci., 
Paris (Univ. of), Algeria (1883), p. 48, “le type est 8. Gillieroni (Loriol sub Cardiaster).” 

1% J. Seunes: Echinides crétacés des Pyrénées Occidentalcs, Sér. I, Soc. Géol. France, 
Bull., vol. 16, no. 3 (1888). 

mj.s : Echinides crétacés des Pyrénées Occidentales, Sér. II, Soc. Géol. France, 
Bull., vol. 17, no. 3 (1889) p. 809 et seq. 

1% J, Lambert: Etudes morphologiques sur le plastron des Spatangides, Soc. Sci. 
Yonne, Bull., vol. 46, no. 2 (1893) p. 85. 

1 J, Lambert: Description des ¢chinides crétacés de la Belgique I. Etude mono- 
graphique sur le genre Echinocorys, Mus. Hist. Nat. Belgique, Mem., vol. 2 (1903) p. 44. 
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(voy. Challenger, pl. xxxix a, figs, 11, 12), se retrouve sur certains 
Stegaster de Bidart.” 

The plastron is still unknown in C. crassus, but its resemblance in 
C. suvae to Lambert’s figure of S. cotteaut?** was what led to the 
correspondence. As will be seen from his drawing here reproduced (Fig. 
17), the labrum, which barely enters the peristome border, is sepa- 
rated from the sternal b2 by Ia2 and Vb2 meeting in a short median 
suture; it rests on a2 and b3, but those plates and their successors are 
more alternate and more obviously meridosternate than in Chelonechi- 
nus (this is not so marked in Seunes, plate xxv, figure 3 a). The re- 
semblance, however, is continued in the constitution of the peristome 
border, and particularly in the exclusion from it of interambulacra 
4 and 1 with the heteronomy of 1. Interambulacra 2 and 3 appear 
to be amphiplacous, but this region is obscure owing to the anterior 
groove. The apical system is elongate with the plates paired as in 
Echinocorys. The ambulacral pores are double. 

Stegaster, as conceived by Seunes and Lambert, is certainly one of 
the Echinocorythidae, from which the Urechinidae are thought to be 
descended. Among Urechinidae it is to Chelonechinus that it shows most 
resemblance, but its anterior furrow and invaginated peristome prevent 
it from being an ancestor of that genus, although they may point the 
way to Pourtalesiidae. Chelonechinus would, in fact, be more readily 
derived from a less specialized form, such as Offaster or Galeola (= Cor- 


culum). 


Ganbirettia 

Allied, in Lambert’s opinion, to Galeola is Ganbirretia Gauthier,?° 
with sole species G. douvillet from Lower Danian of Gan (Basses Py- 
rénées). It was compared by its author with Stegaster and allied con- 
temporaries, and with the Recent Urechinidae and Pourtalesiidae, and 
regarded as abyssal. The abyssal character is especially manifest in the 
“paires trés exigues de petits pores ronds et obliques, placées un peu au- 
dessous du milieu des plaques.” The general form is that of Chelonech- 
inus, there being no differentiation of the anterior ambulacrum and no 
anterior groove. The apical system is elongate with the plates in pairs 
(as in Echinocorys). The tuberculation of the coronal plates is of the 


200 See also J. Lambert : Etudes morphologiques sur le plastron des Spatangides, Soc. Sci. 
Yonne, Bull., vol. 46, no. 2 (1893) p. 88, footnote. 

201 J, Lambert: op. cit., p. 86. 

23 VY, Gauthier: Contribution a Vétude des Echinides fossiles, VII, Soc. Géol. France, 
Bull., vol. 3, no. 4 (1903) p. 20. 
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same nature as in Chelonechinus suvae, but more pronounced. Unfortu- 
nately, the oral surface is unknown, so the comparison cannot be carried 
further. 


Garumnaster 


Garumnaster Lambert,? from the Garumnian (Danian) of Haute- 
Garonne, is an Echinocorythid with ovoid, depressed test, with periproct 
above a slight anal rostrum, with ambulacra all alike, composed of rather 
high plates with minute double pores in the median line near the adoral 
suture, with subpentagonal peristome, apparently flush. Lambert places 
this near Duncaniaster but considers it nearer the end of the Echinocory- 
thine line and a form of passage to the Urechinidae. Unfortunately, 
there is no information concerning the structure of any of the interam- 
bulacra on the oral surface, and Duncaniaster is not in much better case. 


Sanchezaster 


Sanchezaster Lambert in Roig,?** with genotype S. habanensis, Middle 
Oligocene, Cuba, has many features in common with Chelonechinus. 
These are the large thin test, v. supra, p. 13, with high (may reach 13 
millimeters) hexagonal plates, eight to ten in each column, on the 
upper surface; both apical system and peristome eccentric towards the 
front; ambulacra apetalous, with minute pores near the center of the 
plates; oral surface described as plane, with large hexagonal plates, 
some reaching a height of 18 millimeters; plastron apparently as in 
Stegaster and Chelonechinus. 

The specimens are vertically crushed and deformed, resembling in 
this E 4708. The differences are: the cordiform outline, due to a clear 
anterior sulcus; the transversely elliptical peristome, depressed at the 
end of the sulcus; periproct in a depression on a truncate portion of 
the oral surface; a marginal fasciole below the ambitus; and double 
ambulacral pores, the posterior pores in the bivial ambulacra being larger 
than the anterior. 

Only three specimens appear to be known: one (No. 403) in the pos- 
session of Lambert, designated “el tipo” by Roig; one was in Roig’s 
collection, designated by him as “un holotipo”; and one “un cotipo en 
buen estado de conservacién.” The last (numbered 187) was given by 
Roig to R. T. Jackson, who, being struck by its likeness to Chelonechinus, 
kindly sent it for comparative study. This permits a general confirma- 

23 J, Lambert: Notes sur quelques Echinides de la Haute-Garonne, Soc. Géol. France, 


Bull., vol. 6, no. 4 (1907) p. 718. 
2% J. Lambert én Mario Sanchez Roig: Revisién de los Equinidos fosiles Cubanos. Soc. 


Cubana Hist. Nat. Mem. “Felipe Poey,” vol. 6 (1924) p. 13, pls. 8 and 4. 
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tion of the above description and the addition of a few points. This 
specimen, as well as the figured one, has the right anterior portion pro- 
jecting more than the left; although this may have been intensified by 
post-mortem distortion, it has already been noted as a usual feature. 
The tuberculation of the upper surface is like that of the more strongly 
ornamented plates of Chelonechinus suvae, but with primary and sec- 
ondary tubercles rather more numerous and the whole of the interspace 
crowded with miliaries; in a few places where these are worn off or 
absent the pitted structure of the stereom appears in regular lines. The 
miliaries are much fewer on the oral surface. The thickness of an 
ambital ambulacral at its edge is 0.7 millimeters, and its width 17.5 
millimeters, the ratio being exactly .004. The thickness is less than in 
C. suvae and C. crassus but relatively perhaps between the two. The 
plates of the apical surface are, on the whole, equably rounded in con- 
formity with the shape of the test, but some of the interambulacrals 
above the ambitus (notably in 3 a) show a slight vertical ridge. The 
transverse sutures in the ambital region are not markedly sinuous. 
The visible plates of the plastron (Fig. 18) seem to be the two epister- 
nals a2 and 63, above them the median sternal b2 (Lambert, as quoted 
above, calls it a2), and above this the ambulacrals (Vb2, Ia2) that sep- 
arate it from the labrum. Plates are proportionately wider than in 
Chelonechinus by about one quarter. The two ambulacrals are partic- 
ularly wide, although in height they are almost the same as in C. crassus. 
The labrum is 12.7 millimeters wide at the adoral end and about 11 
millimeters aborally; its height is about 10.8 millimeters; it seems to 
have actually bordered on the peristome with an excavate edge 5.3 
millimeters wide, its shoulders abutting on the primary ambulacrals. 
The sternum and episternals are each strengthened with faint ridges 
radiating to the angles. The tuberculation over the greater part of 
these plates has been worn or dissolved away (? intra vitam), but the 
labrum, which was entirely protected by matrix, now shows beautifully 
preserved, equidistant primary tubercles, with perforate bosses and flat 
scrobicular rings, each of which tends to be surrounded by a ring of 
the miliaries that are scattered over the interspace. 

The peristome border is disturbed; its plates, other than the labrum, 
are bent down into the opening, especially at the sides and in front. 
To describe the peristome as eccentric towards the anterior is an under- 
statement, for it is almost marginal. Owing to the shifting of the plates, 
it is not clear whether any of the interambulacra enter the peristome 
border; still less whether they are meridoplacous or amphiplacous. The 
more adoral plates of the anterior sulcus bear primary and secondary 
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tubercles on their outer halves and close-set miliaries on their inner 
halves. 

It is by no means easy to interpret Roig’s plate iv, showing the oral 
face. Apparently the pair of elongate hexagonal or pentagonal plates 
at about 4 centimeters from the bottom of the figure are the episternals ; 
the sternal is faintly shown above them; the heptagonal, rather dark 
plate at 10 centimeters from the bottom and 6 centimeters from the 
right side of the figure is probably the labrum. It is about the same 
width above, but narrower below, rather higher, and less symmetrical 
than in No. 18%. If properly cleaned and drawn, the specimen would 
probably yield much more information. 

Of Sanchezaster, Lambert and Thiéry 7° say: “Ce genre représente 
une forme ultime de Stegaterinae [sic], modifiée sans doute par sa 
descente dans des eaux plus profondes.” They refer the horizon to 
Lower Miocene, but without giving a reason. 


DIAGNOSES 


However interesting and suggestive may be the resemblances of Chelo- 
nechinus to many genera of Echinocorythidae, Recent and fossil, it is 
impossible to bring it within any accepted definition of that family. 
Although the previous definitions of Urechinidae are, as has been shown, 
not quite exact, and although the fossils do not permit one to state 
whether Chelonechinus is amphiplacous or meridoplacous, it certainly 
seems to resemble Urechinidae rather than Calymne. No one would 
refer it to Pourtalesiidae, in spite of some tendencies in ihat direction. 
It is safest, therefore, to place it provisionally in Urechinidae and to 
assume for the present that it is meridoplacous. Thus, it may be 
defined ?°* as follows: 

CHELONECHINUS N.G. 
(Chelone, from the resemblance of the fossil to a turtle, and Echinus.) 
A Urechinid with pores minute and simple throughout and devoid of 
peripodia ; peristome anterior, nearly flush ; labrum abuts on three ambul- 


acrals on each side, being separated by Ia2 and Vb2 from the single sternal 
b2, which rests on the almost equal and paired b3 and a2; these followed 


25 J. Lambert and P. Thiéry: op. cit., p. 415. 

26 De Meijere quoted a letter from F. A. Bather, concerning a new genus intermediate 
between Sternopatagus and the Echinocorythidae, but did not give the name. When, 
however, the original typescript of this paper was nearly ready for the printer, the 
holotype of C. suvae was exhibited in the Geological Department of the British Museum 
under that name. Thus “Chelonechinus’” crept into the Museum’s “Guide to the Fossil 
Invertebrate Animals,” on page 75 of the 1907 and the 1911 editions; but it remained 
a nomen nudum and was, therefore, replaced by Cystechinus in the “Guide to the Exhibi- 
tion Galleries of Geology and Palaeontology” (1923) page 49. 
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by paired episternals, pre-anals, and four periproctals. No obvious keel 
on the plastron and no subanal fasciole. Periproct marginal, slightly 
projecting, relatively small. Interambulacra 1] and 4 excluded by ambul- 
acrals from peristome border; in 4 the adoral interambulacral (? 02) is 
followed by a single plate (?a@2); in 1 the adoral interambulacral (?2) 
rests on a3 and 03 and would be (according to Lovén), a2 and b2 fused 
(ancient heteronomy). Apical system approximately central, elongate, 
ethnophract, not disjunct ; madreporite in genital 2, which is the smallest. 
Ambulacrals and interambulacrals relatively large and of about the 
Same size. Ambulacrum III flattened but scarcely depressed. Epis- 
tereom pitted, and with a few feeble primary and secondary tubercles, 
and miliaries. Plates thick as compared with abyssal species of the 
family, but thin as compared with their own area and with the size of 
the individuals (in ambital interambulacrals of C. suvae, greatest thick- 
= vod plate is about .009 of length of test, .03 of greatest diameter of 
plate). 
Genotype: Chelonechinus suvae n. sp. 


The difficulty of putting into few words the differences between 
Chelonechinus and its apparent allies is enhanced by the fact that the 
ponderous monographs rarely condescend to a generic diagnosis. Some 
authorities have favored us with keys to genera and species, but the 
characters chosen are too often drawn from buccal plates, pedicellariae, 
and similar characters such as are rarely preserved in a fossil state and 
certainly not in the present material. Those are among the reasons that 
have necessitated the detailed comparisons attempted in the present 
paper. 

Chelonechinus differs from Plexechinus in having the periproct margi- 
nal instead of above the ambitus. It differs from Pilematechinus in 
having the test rigid and the height only about half the length, instead 
of flexible and lofty. From Urechinus (including Cystechinus) it dif- 
fers in the marked separation of the labrum from the sternal and of 
interambulacra 1 and 4 from the peristomal border. 


CHELONECHINUS SUVAE N. SP. 


A Chelonechinus of ovoid outline, the greatest width being about .953 
of length; almost hemispherically domed, the height being about .54 of 
greatest diameter; the greatest thickness of a normal ambulacral at the 
ambitus, about 1.3 millimeters, i. e. about .009 of length of test and .054 
of width of plate. Plates of upper surface flat rather than curved, with 
faint radiate ridges. Punctae of epistereom about 25 to 1 millimeter; 
tubercles fairly distinct and relatively numerous. 


27 Not one of distinguished authorities, from Alexander Agassiz and Wyville Thomson 
to H. L. Clark and T. Mortensen, who have written at length on the abyssal Spatangoids 
(no, not even Lovén) have thought it necessary to use more precise terms than “thin,” 
“thick” and “stout.” Yes, one did say something about “thin as paper,” much as the 
yokel told the judge that the stone was “as big as a lump of chalk.” It may, therefore, 
be useful to state that in a specimen of Urechinus naresianus (‘‘Challenger” collection 
Station 146, in the British Museum) in which the test is 36 millimeters long, the actual 
measurements of an ambital interambulacral are width of plate 5 millimeters, thick- 
ness .8 millimeters, giving a ratio of .06. This may be a little too much, as some 
epithelium may be included, but .2 millimeters would be the least thickness of any 
plate. Even this is relatively thicker than 0. suvae. 


LVI—BUuLL. Grou. Soc. AM., Vou. 45, 1934 
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Holotype: E 4708 in Geological Department of British Museum. 
Type-horizon and locality: “Soapstone” of the Suva formation, Suva, 
Fiji. Neogene. 


CHELONECHINUS CRASSUS (GREGORY) 
Cystechinus crassus Gregory 


A Chelonechinus of oval outline,” the greatest width being about .928 
of length; depressed-domed (bun-shaped), the height estimated as be- 
tween .3 and .4 of greatest diameter; the greatest thickness of a normal 
ambulacral at the ambitus, about 1.7 millimeters; i. e., about .0121 of 
length of test and 0.1 width of plate. Plates of upper surface equably 
curved and with no trace of ridging. Punctae of epistereom about 20 
to 1 millimeter; tubercles indistinct and relatively sparse. 

Holotype: E 318 in Geological Department of British Museum. 

Type-horizon and locality: Radiolarian Marls of Oceanic Series, 
Haynesfield estate, Barbados. Miocene or Pliocene. 


CHELONECHINUS (?) JAVANENSIS N. SP. 


A probable Chelonechinus apparently rather high-domed; the thick- 
ness of an ambulacral near the ambitus 0.7 millimeters; i. e., about 0.042 
width of plate; interambulacrals just above ambitus with slight umbo 
and fairly distinct ridges; tubercles small, scattered, and fairly num- 
erous. 

Holotype: in Senckenberg Museum, bears No. 207. 

‘ Type-horizon: unknown. Locality: Mid-Java, probably near Gem- 
org. 
It is interesting to observe that the specimens of Chelonechinus are 
all found within thirty parallels of latitude, C. crassus at the northern 


limit, C. suvae at the southern, and C. javanensis about halfway between. 


TAXONOMY AND BIONOMICS 


The classification of these genera has given much trouble and no 
agreement has yet been reached. The chief reasons for this may be 
summarized thus: 

First.—The suborder Sternata of Gregory, and especially that portion 
of it contained in the suborder Spatangoidea of Duncan, presents, from 
Cretaceous times onward, a rapidly evolving group in which interme- 
diate forms abound. 

Second.—There can be no doubt that in the course of this evolution, 
similar structures have appeared independently in different lines of 
descent at different times: such cases of homoplasy are the ethmolysian 
and the disjunct apical system; the loss, and sometimes the recovery, 
of gonopores; the modification of regions of the ambulacra into petals 
and phyllodes, and sometimes, it may be, the subsequent resimplification 
of those regions; the development of those little-understood structures, 
the fascioles, perhaps even the various types of fasciolation (prymnadete 


208 J. W. Gregory: Cystechinus crassus ... from the Radiolarian Marls of Barbados, 
Geol. Soc., Quart. Jour., vol. 45 (1889) p. 641. 


ie 
F 
— 
; 


TAXONOMY AND BIONOMICS 863 


and prymnodesmian), and possibly the return to an adete or non-fascio- 
late type; the evolution of the sternum, with the meridosternate and 
amphisternate types of plastron; and the simplification of podial pores 
from pore-pairs to single pores by the atrophy of the septum. 

The union of the same homoplastic features in stocks of distinct 
origin may well have been induced by a similar habitat or mode of life, 
for the physiological and the bionomic importance of these features is, 
in most cases, clear enough; thus in all probability have arisen cases 
of convergence that systematists have failed to disentangle. An excel- 
lent example is presented by the characteristics of abyssal echinoids. 
Lovén *°* pointed to apetalous, flush, uniporous ambulacrals as constantly 
connected with an abyssal life, and, therefore, presumably adaptations 
to some conditions of such an existence, probably those relating to 
respiration. 

Lambert ?"° added the rounded shape and, frequently, microscopic size 
of the podial pores. He considered that the more sedentary and more 
uniform life led to a simplification of organs, and among other instances 
he cited the occasional suppression of ocular pores, the diminution of 
the apical plates, and the reduction of the meridosternate plastron to a 
single column of plates. To these characters may be added a thin test, 
large plates, notably a relative increase in the size of the ambulacrals, 
so that they approximately equal the interambulacrals in both number 
and size, and the tendency of dorsal radioles to atrophy or fall off—a 
character that may, in part, be ascribed to the less need for protection. 
Whatever may be the precise relation between these characters and an 
abyssal life, it is clear that they may appear in any forms that migrate 
to the depths, whatever their systematic position. Such characters, 
therefore, throw no light on the ancestry of those forms, and it is only 
characters unaffected by the migration that can have a wider taxonomic 
significance, so long as classification is to be based on a supposed gen- 
ealogy. 

This consideration introduces the third great difficulty presented by 
the Sternata. Whether one supposes the abyssal genera to be modified 
Spatangidae, or modified Echinocorythidae, or a mixture of both—not 
to mention other possible ancestors, such as the Collyritidae or the 
Galeritidae—he is largely without evidence as to their immediate pre- 
decessors. Although the Spatangids of the higher zones of marine life 
can trace their ancestry back through Tertiary rocks, often with embar- 


2 Sven Lovén: On Pourtalesia, Svenska Vet.-Akad. Handl., vol. 19, no. 7 (1883) p. 94. 
10 J, Lambert: Note sur quelques Holasteridae, Soc. Sci. Yonne, Bull. vol. 70, p. 212, 
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rassing richness, the history of those families that have sunk to greater 
depths presents gaps that severely try the resources of a genealogist. 
Why should one suppose that migration to the abyss was a phenomenon 
of Tertiary times? These genera may have had ancestors living in the 
depths for many a geological age, and if so, one cannot hope to find 
records of them in the accessible rocks. This conception, while adding 
to the difficulty of the larger problem, lends the more interest to such 
occurrences as those at Barbados and Suva, even if they are not truly 
witnesses from the abyss. 

With the exception of diminished apical plates, all the characters 
generally regarded as those of abyssal species are found in the repre- 
sentatives of Chelonechinus and, one may add, in Sanchezaster. Greg- 
ory,”"* in fact, regarded C. crassus as confirming the view that the 
Radiolarian Marls of Barbados were of deep-sea origin, and as bearing 
witness to a great elevation of the sea floor in or after Pliocene time. 
The evidence for the geologic age and the depth of the seas in which 
Chelonechinus (and perhaps also Sanchezaster) lived was discussed at 
the outset of this paper. The conclusion reached shows three or four 
distinct occurrences of echinoids closely resembling certain Recent abyssal 
forms, but from relatively shallow water, and Tertiary in age. The 
environmental features that remain common are those governing the 
oozy deposit, and it is to them, if to any, that one must look for the 
factors inducing the supposed abyssal characters. Many of these char- 
acters begin in the Chalk, and, although the Chalk is no longer regarded 
as an abyssal formation, it resembles in many features the rocks that 
contain the Tertiary echinoids bearing the characters in question. It 
may be inferred that these echinoids lived on the floor of the open sea, 
at such a depth that the water was not disturbed by currents (the cirri- 
pede Verruca capsula attached to a specimen of Chelonechinus suvae 
permits of a depth between 500 and 1300 meters) and free from invasion 
of sand or mud. There can have been little oxygen, and one may sup- 
pose that the creatures were inactive, lying half-buried in the loose half- 
floating ooze, and feeding on the constant rain of dead protozoa and 
other pelagic organisms. Thus, the mouth becomes shifted forward, 
and eventually is connected with the shower of food by a groove. The 
periproct is at the extreme hinder end, as far away from the food-intake 
as possible, and protected from being clogged with ooze by a projecting 
keel or by lying just beneath a bevelled margin. The occasional raising 


211 J. W. Gregory: Cystechinus crassus ... from the Radiolarian Marls of Barbados, 
Geol. Soc., Quart. Jour., vol. 45 (1889). 
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on a plastronal keel may help to keep the opening free. The fascioles 
possibly have some connection with this arrangement. The elongation 
and pairing and eventual narrowing of the plastronal plates seem to 
be a consequence of the stretching of the bivial ambulacra rather than 
of any structural needs in the plastron itself. 

To pursue these speculations would be easy, but not profitable. Enough 
has been said to suggest that all such characters are poor guides to 
affinity. This becomes still clearer when one observes that they do not 
appear in any regular order, one genus or species being more developed 
in one direction and another species in another. A brief survey of the 
changes will show that each species responds independently, although 
there is some necessary bond between various characters. 


CHARACTERS OF CHELONECHINUS IN THEIR 
PHYLOGENETIC ASPECT 


The apical system must have for a starting-point the elongate paired 
arrangement of Echinocorys, still ethmophract and not disjunct. Such 
a primitive plan is found in Stegaster, Ganbirettia, and the Recent 
Stereopneustes. In Chelonechinus the pairing of the plates is trans- 
formed into a zigzag, and a zigzag on a different plan is found in the 
Recent Sternopatagus. Plexechinus nordenskjéldt is also close to Chelon- 
echinus in this respect, whereas in other species of the genus the apical 
system is disjunct, as is also often the case in Urechinus. Advance in 
another direction is shown by Calymne in the confluence of the anterior 
genital plates and the disappearance of all pores except the posterior. 
In Pilematechinus the hydropores extend into the neighboring plates. 
Although these differences are sometimes spoken of as individual varia- 
tions, there is nothing to prove that they are not stages in the gradual 
evolution of a number of distinct lineages. 

In the beginning the two series, ambulacrals and interambulacrals, 
were, no doubt, equal and alternating, but it can hardly be supposed that 
the Cretaceous ancestors of Chelonechinus were so primitive. The close 
approach to this relation observed in this genus, in Sanchezaster, and in 
many of these deep-sea forms, seems to be due to a relative enlarge- 
ment of the ambulacrals, and this enlargement is not so much a feature 
in itself as correlated with a reduction in number of the podial pores 
and their consequently increased distance. 

In the reduction to minute single pores placed near the center of enlarged 
ambulacrals, Chelonechinus has attained as late a stage as any Recent 
echinoid. Calymne appears to be the only one in this group that cer- 
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tainly has single pores throughout. Some of the Urechinidae still have 
some double pores on the oral surface; e. g., U. wyvillet and Pilematechi- 
nus. Stereopneustes has double pores and, mainly for that reason, is 
placed in Echinocorythidae. Sanchezaster has double pores, fairly con- 
spicuous in the anterior sulcus but minute in the paired ambulacra. In 
Stegaster and Ganbirettia, as in all Cretaceous genera, the pores are 
double but in the latter genus are said to be “trés exigues”. In this 
respect, then, the evolution of Chelonechinus is accelerated. Valuable 
remarks on the development of the pores are made by Lambert,” who 
points out the large ambulacrals with small rounded pores are not 
really a return to primitive condition but an assumption of new and 
quite special characters. 

The Peristome may differ in situation and in depression: the central 
flush peristome is obviously in the primitive stage; the most anterior 
and invaginate represents the latest stage. This is so clearly connected 
with changes in the mode of life that one is not surprised to find Lam- 
bert 74% complaining that the changes are not of much use for classifi- 
cation because they do not correspond with any other character. That 
may be an exaggeration, for the invaginate peristome tends to be corre- 
lated with an anterior sulcus, as in Sternopatagus, Stegaster, Sanchezaster, 
and all Pourtalesiidae. In Urechinus, Pilematechinus, and Plezechinus 
the peristome is flush. In Chelonechinus, although the peristome border 
bends inward slightly at the sides and possibly in front, no definite 
sulcus is to be detected on the oral face and the anterior ambulacrum 
is only slightly flattened on the adapical surface. The slight curvature 
of the plates is probably to be regarded as a strengthening of the peris- 
tome border, possibly carried over from jaw-bearing ancestors (cf. the 
relics of auricles detected by Mortensen *** in Ptilematechinus vesica.) 

The Plastron of the Sternata was discussed by Lovén who established 
the division into Amphisternate and Meridosternate. Lambert **° in his 
classical paper on the subject defined the essential differences thus: 

In Amphisternata the labrum (1) rests normally on two sternals, 
which are almost equal, a2 lying beside 62. In Meridosternata the lab- 
rum rests on only one sternal (b2) which, therefore, is more adoral than 
a2, and the remaining plates alternate. 


22 J, Lambert: Note sur quelques Holasteridae, Soc. Sci. Yonne, Bull. vol. 70 (1917) 


p. 194. 

28 J, Lambert: op. cit., p. 193. 

24 Th. Mortensen: Echinoidea, Part II, Danish Ingolf-Expedition, vol. 4, no. 2 (1907) 
p. 52. 

™5 J, Lambert : Etudes morphologiques sur le plastron des Spatangides, Soc. Sci. Yonne, 


Bull., vol. 46 no. 2 (1893) p. 55-98. 
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At the outset the difference between the two plans is trivial, and the 
interambulacrum of both is composed, like all the others, of alternating 
plates. But the start once given, the further development consists pri- 
marily in Amphisternata in the upward (i.e, adoral) passage of a2 
and its successors ; in Meridosternata in their downward passage. Thus, 
in Amphisternata a2 comes to correspond in size and position with b2, 
and those plates are the paired sternals. When in Meridosternata (e.g., 
Urechinus, Chelonechinus) the plates assume a paired arrangement the 
first, or adoral, pair consists of a2 and 03, and these are followed by 
a3 and 64, and so on. To distinguish this paired plastron of the later 
Meridosternata from the analogous, but not homologous, plastron of 
the later Amphisternata, Lambert ?"* gave it the name, “orthosternum”. 
Lambert 717 identifies the single sternal of Meridosternata with a2 
instead of 62; but his earlier interpretation seems preferable. 

In both Amphisternata and Meridosternata a further specialisation 
arises in the separation of the labrum from the two sternals in the 
former, the single sternal in the latter, by the inward pressure of the 
adjacent ambulacra I and V or even, as in Pourtalesia, of interambul- 
acra 1 and 4 as well. Thus arises the “interrupted” plastron; a persist- 
ence of this pressure leads also to the narrowing of the plastron. Here 
again, the different but connected changes do not all take place at the 
same rate. Stegaster has an interrupted plastron which is not yet an 
orthosternum. Sanchezaster and Chelonechinus have an interrupted 
orthosternum. Sternopatagus has the same, but much narrower. In 
Plexechinus the labrum is barely separated from the sternal by the 
ambulacrals. Stereopneustes, although referred to Echinocorythidae, has 
a well-paired orthosternum, generally similar to those of Urechinus and 
Calymne, and uninterrupted. In Pilematechinus, on the other hand, 
the alternate plan is retained, and in P. rathbum Agassiz 7** shows 5a2 
more adoral than 2. 

A Keel on the Plastron is developed in Urechinus, absent from Chelo- 
nechinus, and represented in Sanchezaster by the umbo on the sternal 


and each episternal. 


216 J, Lambert: Note sur quelques Holasteridae, Soc. Sci. Yonne, Bull., vol. 70 (1917) 
p. 217, footnote. 

217 J, Lambert in Mario Sanchez Roig: Revisién de los Equinidos fosiles Cubanos, Soc. 
Cubana. Hist. Nat., Mem., “Felipe Poey,” vol. 6 (1924); J. Lambert and P. Thiéry: 
op. cit. 

28 Alexander Agassiz: Reports on an exploration ... by the... “Albatross” during 
1891, vol. 82 (1904) ; The Panamic Deep Sea Echini, Mus. Comp. Zool., Harvard, Mem., 
vol. 81 (1904) fig. 235. See his remarks on possible development of amphisternal from 
meridosternal on page 164. 
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The Fascioles found in these forms are two: a subanal, connected, 
as Lovén pointed out, with the episternal angle, and a marginal. The 
presence of a marginal fasciole in Sanchezaster and Sternopatagus is 
another point of resemblance between these two genera. In Stereopneustes 
and Plexechinus the subanal fasciole is strong and the episternal angle 
well marked. Stereopneustes is the only Echinocorythid in which this 
fasciole is certainly known. Some young Urechinus, according to Agas- 
siz, have a subanal fasciole, which is not found in older individuals. In 
Chelonechinus no trace of either marginal or subanal fasciole has yet 
been detected; the slightly marked episternal angle and the absence of 
any keel or scutcheon suggest that the latter was certainly absent. 

The position of the Periproct, says Lambert,”!® is the most stable of 
the classificatory characters. One might expect to find a gradual descent 
of the periproct from supra-ambital to infra-marginal, but there is lit- 
tle sign of this or, indeed, of the stability claimed by Lambert. In 
Chelonechinus suvae the periproct is marginal; in Urechinus, at or be- 
low the ambitus; in Pilematechinus, above or below the ambitus; and in 
Plexechinus, above the ambitus. Chelonechtnus is not really the most 
advanced in this respect, for what seems to be happening is the forma- 
tion of an anal snout. 

The exclusion of 1 and 4 from the Peristome border is a more ad- 
vanced development than that in which all interambulacrals reach the 
peristome. Stegaster had reached this stage in the Lower Danian, and 
Sanchezaster in the Oligocene; Chelonechinus carries it through Mio- 
cene to the Recent Sternopatagus. Urechinus, on the other hand, is 
still in the preceding stage. 

The phenomenon of Heteronomy in 1, to which Lovén attached great 
importance, may be connected with the elongation of the bivium and 
the pressure of the ambulacrals on the interambulacrals; this may ac- 
count for the supposed fusion of plates, or, alternatively, their resorption 
and unequal growth,?”° but it does not in itself account for the differ- 
ence between 1 and 4. It is a pity that the descriptions and figures 
of later writers are rarely precise in this respect, so that complete com- 
parison is not possible here. It can, however, be noted that Chelonechi- 
nus displays the “ancient heteronomy” of the Echinocorythidae, as seen 
among others in Stegaster (Fig. 17) and retained in the Recent Stereo- 
pneustes. Urechinus, on the other hand, as Lovén emphasized, has all 
“the paired interradia perfectly symmetrical.” As regards 1 the same 


2° J. Lambert: Note sur quelques Holasteridae, Soc. Sci. Yonne, Bull., vol. 70 (1917) 


p. 193. 
2 Isabella Gordon: op. cit., p. 307. 


; 
= 


PHYLOGENETIC ASPECT 869 


absence of heteronomy obtains in Cystechinus (if the genus be main- 
tained) Pilematechinus, Plexechinus, Calymne, and, oddly enough, in 
Sternopatagus, a fact on which De Meijere ?** comments, although un- 
fortunately he omits that interambulacrum from his diagram. Lovén’s 
statement, however, is not perfectly correct, for there is a heteronomy in 
4 in Urechinus and allied genera, and Agassiz implies by his diagrams 
that this consists in the fusion of 4b3 + 4, to form a plate on 4a3 and 
4, whereas 1la3 abuts 103 only. In Sternopatagus there is no such 
heteronomy of 4, and it must be remembered that, owing to the ex- 
clusion of the bivial interambulacra from the peristome, this genus 
is not really comparable with Urechinus. 


There are still too many gaps in our knowledge to permit a satis- 
factory classification on a phylogenetic basis. A sharp division does 
seem to separate Meridosternata from Amphisternata, but within the 
Meridosternata the lines of descent are not clear. There certainly 
seems to be some connection between Stegaster, Sanchezaster, Chelonecht- 
nus, and Sternopatagus, and this does not lead toward the Urechinidae 
(s. str.). Whether it leads to the Pourtalesiidae is also doubtful. 
Stereopneustes may be nearer the Urechinidae than is generally admitted, 
for the retention of the double pore is not of morphological importance ; 
but the presence of ancient heteronomy in 1 connects this genus also 
with the Stegaster-Chelonechinus lineage. 

More definite conclusions must await better information concerning 
the structure of the oral surface in several of these genera and the discovery 
of more fossils with the interest of Chelonechinus. 


SUMMARY 


The new Urechinid genus Chelonechinus is established for C. suvae 
n. sp. from the Suva formation of Viti Levu, Fiji, and includes C. 
javanensis n. sp., from Java, and C. crassus (Gregory 1889) from Bar- 
bados. As Recent Urechinids are abyssal forms, Gregory took his 
species, which he referred to Cystechinus, as proof of the elevation of 
Barbados from a great depth in Pliocene or later times. The geologic 
evidence now available permits of an age that may go back to Lower 
Miocene and throws doubt on the deep-water origin of the rocks con- 
taining these echinoids. Their reference to a new genus further weak- 
ens Gregory’s argument. Chelonechinus is compared with other Urech- 


21 J, C. H. De Meijere: Die Echinoidea der Siboga-Ezpedition, Siboga-Expeditie, vol. 43 
(1904) p. 161. 
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inidae and allied genera, both Recent and fossil, among which Sanchez- 
aster Lambert from Cuba seems closely related to it, and it is concluded 
that it may well occupy a phylogenetic position between Cretaceous 
and Recent genera, and that, although it probably lived in deep, calm 
water, it was not necessarily abyssal. To this extent, the purely geologic 
evidence is corroborated. In the course of the systematic discussion, 
previous classifications are criticised and certain conceptions rendered 
more precise; among others Urechinus is re-defined and a much-disputed 
form is referred to Sternopatagus De Meijere as S. sinensis n. sp. 
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A. Shell from above. B. Same, showing calcareous basis 
(circa X 4 diameter). 
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NEOGENE CIRRIPEDE (VERRUCA) FROM VITI LEVU, 
FIJI 


BY THOMAS H. WITHERS 
(Presented before the Geological Society, December 28, 1983) 


Dr. Bather submitted to me an asymmetrical sessile Cirripede (Ver- 
ruca) which he found in the matrix of an example (L. 8) of the Echi- 
noid Chelonechinus suvae from Suva, Fiji, described in the previous 
paper. This Cirripede was embedded with its base exposed, and this 
was completely surrounded by the impression of the outer surface of a 
series of the plates of the test of Chelonechinus. Therefore, there can 
be little doubt that the Cirripede was in life adherent to the test of 
the dead shell of the Echinoid, just as the Cretaceous Verruca prisca 
Bosquet has been found adherent to the test of the Echinoid Echinocorys 
scutata Leske. 

This fossil Verruca evidently belongs to the Recent species V. capsula 
Hoek, which has been found at different places in the Malay Archipelago 
at depths ranging from 520-1301 meters. 

Verruca capsula Hoek 
(Plate 111) 


Diagnosis. Shell somewhat depressed, with the base broad, irregularly 
circular; tergal margin of the carina, and the scutal margin of the ros- 
trum together forming a straight line; movable valves almost parallel 
to the base. Movable scutum and tergum, each with three articulating 
ridges. 


Distribution. (Fossil.) In marl (“Soapstone”) of the Suva forma- 
tion, Neogene, Waimanu Road (Ladd’s station 374), Suva, Fiji. (Re- 
cent.) Different places in the Malay Archipelago (depth from 520-1301 
meters). The Recent examples were attached to a stone, to a speci- 
men of the Cirripede Hezrelasma, and to a gastropod shell. j 
This is one of the largest of the known species of Verruca, and is 
distinguished readily by the nearly circular shell, and the upper margins 
of the carina and rostrum together forming a straight line; but the 
fixed scutum and tergum (forming the operculum or lid-like top) differ 
slightly in shape from those of other species. 

In this fossil example the fixed tergum has a small circular hole, 
evidently made by some boring organism. Hoek says nothing in his 
description about the basis of this species, but the fossil example cer- 
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tainly has a thin calcareous basis extending for a width of 2 millimeters 
right around the shell (Pl. 111, B); the inner part, probably because 
it was thinner, has been broken away. All the other known species 
of Verruca have a membranous base, so that this feature is of importance. 

Rostro-carinal breadth of shell of fossil example, 10.5 millimeters 
scuto-carinal length, 9.3 millimeters. Larger specimens have been found, 
and Hoek mentions a shell having a diameter of 16.5 millimeters. 

The impressions of other individuals were seen in the Neogene marl, 
so that the species cannot be considered rare. 
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BY FRANK F. GROUT AND ROBERT BALK 
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INTRODUCTION 


The great intrusive between Helena and Butte, Montana, generally 
referred to as the Boulder batholith, has so much interest from an eco- 
nomic point of view that its structure and deeper parts have been several 
times discussed. It seemed to the writers that this interest justified a 
reconnaissance by the structural methods of Hans Cloos.? This might not 
only help to clarify certain aspects of the argument as to the form of the 
mass, but might have some application to the general theory of ore 
deposition. 

Furthermore, the early work of the Cloos school of geologists was done 
on masses that were emplaced under considerable cover, whereas the 
Boulder mass has probably some remnants of its roof, and that roof may 


* Manuscript received by the Secretary of the Society, December 30, 1933. 
1W. H. Weed: Geology and ore deposits of the Butte district, Montana, U. S. Geol. 


Survey, Prof. Paper 74 (1912). 
A. C. Lawson: Is the Boulder batholith a laccolith? Univ. of Calif. Pub., vol. 8 (1914) 


p. 1-15. 
Adolph Knopf: Reply to Lawson, Econ. Geol., vol. 9 (1914) p. 396-400. 


Paul Billingsley: The Boulder batholith of Montana, Trans., Am. Inst. Min. Eng., 


vol. 51 (1916) p. 31-54. 
2For a recent statement of methods, see E. Cloos: Structural survey of the grano- 


diorite south of Mariposa, California, Amer. Jour. Sci., vol. 23 (1982) p. 289-304. 
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not have been very thick. It is probably a fair example of a batholith, 
the emplacement of which was accompanied by little compression of the 
crust, and the structures in it may be similar to others in plateau areas. 

It is a pleasure to acknowledge assistance given from the funds for 
research of the Graduate School of the University of Minnesota. The 
time available for field work permitted only a reconnaissance, but the 
wide knowledge of the district that has been acquired by Reno Sales ® 
of the Anaconda Copper Mining Comapny and his staff, was kindly 
placed at our disposal, and his suggestions have been exceedingly helpful. 
Drafting has been done by S. W. Sundeen and LeRoy Hassenstab. 


GENERAL GEOLOGY 


The general geology of the region is fairly well known from the works 
of Weed, of Sales, and of Billingsley; and Pardee and Schrader have 
recently added details in the northern parts of the region.* Billingsley’s 
map is used, without essential modification, as a basis for plotting the 
structural features observed (Figs. 1 and 2). The conclusions of the 
study are anticipated so far as to apply the term, batholith, for the mass. 

The Boulder batholith invaded the earth’s crust probably in early 
Eocene time. The surrounding rocks are, in part, pre-batholithic and, in 
part, post-batholithic. The pre-batholithic rocks are principally sedi- 
ments, which range in age from pre-Cambrian to Cretaceous. The Belt 
series of sediments, and some gneisses and schists, are the pre-Cambrian 
formations. Above these lie Paleozoic sediments, succeeded by andesite 
and latite lavas and breccias which are known to be post-Jurassic and are 
probably of late Cretaceous age. The rocks were folded, and the batholith 
of quartz monzonite rose high into the crust. The thickness of its roof 
is unknown but is believed to have been relatively small. Erosion then 
cut deeply into the mass. Later dacites and rhyolites locally broke through 
and overlie the quartz monzonite. Big Butte, at the city of Butte, is a 
remnant of the dacites. Contemporaneous lake beds indicate that part 
of these are of upper Miocene age. 

The outline of the intrusive in the present erosion surface shows 
notable irregularities that suggest apophyses injected into a generally 
irregular roof. Billingsley points out that erosion of the deeper valleys 
crossing the contacts exposes projecting fingers and outliers that show 
the widening of the batholith at depth. In the central parts of the area 


2 Reno Sales: Ore deposits at Butte, Montana, Trans., Am. Inst. Min. Eng., vol. 48 


(1913) p. 3-106. 
4J. T. Pardee and F. 8S. Schrader: Metalliferous deposits of the Greater Helena min- 


ing region, Montana, U. S. Geol. Survey, Bull. 842 (1933). 
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are great patches of country rock, some lying flat on the intrusive, others 
projecting down into it, suggesting remnants and pendants of the roof. 

The general structure of the region around, and adjacent to, the batho- 
lith has been variously interpreted. Billingsley describes the top of the 
mass as an irregular “double dome.” The contact of andesite flows over 
sediments in the roof of the mass is perhaps 3000 feet higher than the 
elevation of the corresponding contact 40 or 50 miles east or west, so that 
in a broad way there may have been a slight doming of the cover. The 
sediments on the immediate border of the batholith, however, do not 
uniformly incline as onto a dome, or decline as into a syncline. They are 
truncated by the intrusive. Any syncline here is much older than the 
intrusive. E.S. Perry writes of the structure of the country.’ “The pat- 
tern must have developed before the intrusion. . . . The Boulder batho- 
lith is mainly in a synclinal area. The Tobacco Root batholith is 
in an anticlinal area. Some are intermediate and cut indiscrimi- 
nately across both. ... A late period of deformation, mainly by large 
scale faulting, was superposed on the early folding and faulting, in 
Tertiary time.” (Sce Figure 8.) For a coarse-textured intrusive with 
an area of about 1200 square miles, the zone of prominent contact 
metamorphism is remarkably narrow—at some places it is hardly 
recognizable. 

The main rock is a fairly constant quartz monzonite, but there is con- 
siderable diorite at both the north and the south ends, and the central 
area is characterized by a profusion of aplitic granite. The larger masses 
of aplitic granites, as distinct from aplite, are more irregular, and their 
contacts are commonly gradational so that they are not readily mapped 
without long and careful field work. Small aplites of normal appear- 
ance occur as dikes and sheets. Younger even than the aplitic granite 
are some quartz masses (Pl. 112, A). 


STRUCTURES IN AND AROUND THE BATHOLITH 
PLANE STRUCTURES 


Before describing the structural features, some remarks may be in order 
as to the problem to be investigated, and the terms and methods used. 

As has been shown in a number of articles by Cloos and collaborators, 
the flow structures in many intrusive massifs, if mapped systematically, 
make it possible to reconstruct the planes, or lines, of movement by which 
congealing masses have occupied their chambers in the crust. The 
granodiorite of the Sierra Nevada, California, for instance, develops ex- 


6B. 8. Perry: Personal communication. 
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tensive arches of primary flow layers, to which the linear order of horn- 
blende prisms corresponds. Almost all types of “flow pictures,” so ob- 
tained, lend strong support to the conception that these intrusions have 
made room for themselves by pushing their cover upward (and outward). 

The Cloos school of geologists has also recognized fracture systems 
which bear definite relations to the aforementioned flow structures. The 
so-called cross joints are regarded as primary tension joints, because they 
arrange themselves at right angles to linear elements of flow, however 
much the latter may vary in strike and pitch in individual massifs. The 
“marginal joints” are grouped along contact zones of steep-walled in- 
trusions; the fractures—often followed by aplites, pegmatites, or quartz 


Figure 3.—Detail of structure in quartz monzonite 


Hornblende needles and an inclusion nearly vertical; pegmatite filling a cross joint 
crosses the inclusion also. About one mile northwest of Boulder station. The orienta- 
tion of needles is here seen in pegmatite, also, but this is not common. 


veins—dip into the intrusive rock. They reproduce the tension caused 
by the upward flow of stiff magma past steep retarding walls. Because 
of the strength of partly consolidated masses, the lines of maximum 
lengthening in a steep-walled, rising intrusion do not stand exactly verti- 
cal, but converge toward the structural apex, after the manner of a 
gothic arch. With reference to these steeply inclined lines of elongation, 
the marginal joints and fissures represent tension cracks. 

An intrusive mass may fail to develop conspicuous flow structures; but 
so long as the fracture systems reveal a definite plan, it is possible to 
interpret the mechanical forces attending the later stages of intrusion, 
with some measure of confidence. 

The following pages give a summary of observations gathered during a 
brief reconnaisance. To judge from present knowledge, primary flow 
features are poorly developed; flow layers (schlieren) especially are in- 
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frequent. On the other hand, cross joints, normal to flow lines, and mar- 
ginal fissures seem to develop fairly regularly along the contact zones. 
Hence, a subdued upward motion of the intrusive mass is definitely 
suggested. Nevertheless, the conclusions at the end of the paper should 
not be regarded as more than a tentative outline. 

Plane structures in and around the Boulder bathclith are obscure and 
elusive (Pl. 113, A). By careful search several. were found which have an 
important bearing on the probable form and mechanics of intrusion (Fig. 
2). Most of the wall rocks are hard limestones, andesites, or gneisses, 
and they show practically no flow structures. 

Southeast of Helena, near Clancy, a quarry of the Kain Granite Com- 
pany exposes plane structures dipping about 15° to the north. These 
consist of several sheets or dikes of pink pegmatite about an inch thick. 
Between them much more hazy schlieren or pink feldspathic lenses alter- 
nate with the more normal grayer rock. This exposure is some miles 
from the walls of the batholith, but may have been close under a roof now 
eroded, for the roof (or a pendant) is exposed a few miles up Clancy 
Creek to the southwest. Possibly the motion of magma in this plane 
can be explained as controlled by a nearby solid roof, but an alternative 
explanation is suggested on page 882. 

Between these exposures west of Clancy and the Northern Pacific Rail- 
way from Butte to Pipestone are a few exposures which suggest similar 
foliation; one about a mile northwest of Boulder station will suffice to 
indicate the probable continuity or uniformity of structure throughout 
(Fig. 3). 

Near Homestake, southeast of Butte, where the Northern Pacific Rail- 
way pierces the continental divide with a tunnel (Fig. 4), along a wagon 
road which crosses the same divide, outcrops show schlieren somewhat re- 
sembling those near Clancy. At Homestake, however, the structure is 
marked by alternate layers of aplitic granite and dark hornblendic 
quartz monzonite (Pl. 114). Close inspection shows that these layers, 
which lie nearly horizontal, do not have needle-like or platy minerals 
elongated in the plane of the foliation. On the contrary, the dark layers 
have hornblende needles elongated almost at right angles to the plane of 
the foliation, as can be seen in Plate 114. It would seem that the schlieren 
may have formed not as ordinary flow layers, but as injections into early 
“cross joints.” The joint fillings may have been somewhat irregular 
in shape because of the soft consistency at the early stage, and after 
they were once formed, further upward movement no doubt disturbed 
and confused them. This later movement produced the present orienta- 
tion of the hornblende needles, and of the few inclusions (Pl. 112, B), but 
did not always orient these linear features at right angles to the earlier 
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cross joints. Thus, many of the linear features are neither exactly in the 
plane of the foliation nor exactly at right angles to it. 

East of Homestake, near Welch siding (Fig. 4), a similar plane struc- 
ture is exposed in a railway cut (Pl. 113, B), but its relation to other struc- 
tures is not clear. 

At the eastern contact of the batholith, where it is crossed by the 
Northern Pacific Railway, the internal structure is not prominent, but 
the earlier andesite is deformed for a few yards outside the quartz 
monzonite. The foliation dips steeply to the northwest under the in- 


trusive (Figs. 1 and 4). 


\ 


= \\A few oF the dikes and schlieren 
\ Observed pitch. 
Homestatle i» 
1S 80 
0 »> 16 
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hd Pipestone 
S Springs 


Figure 4.—Structure details 
Along the Northern Pacific Railway, east of Butte. 


At the southeast corner of the batholith the oldest rocks of the region 
form the walls of the intrusive. These are gneisses, schists, and amphib- 
olites of the Archean. They exhibit pronounced linear and plane 
metamorphic structures, but in a rapid reconnaissance no connection was 
discovered between these and the structures in, or related to, the intrusive. 

Near the center of the south end of the batholith, a spur of limestone 
projects into the monzonite as a steep wall, about half a mile long, and 
perhaps 1000 feet wide. Here the monzonite actually shows signs of 
marginal retardation by the resisting reef of sediments, for a slight platy 
foliation is observed not far from the contact, and flow lines are definitely 
aligned with the trend and dip of the boundary plane (Figs. 2 and 5). 
The limestone has been recrystallized to marble and has a sheared, almost 
schistose, structure that is rarely retained by carbonate rocks. It can be 
seen at many points in the hill southeast of the old lime-kilns. This 


VOL. 45, 1934, PL. 112 


BULL. GEOL. SOC. AM. 


SNOISNIONI GNV SSVW ZLYVNO 


“a 


‘aseyd 978] SB 
71 07 Ajqeqoid pue Ut at] 
SISSELI YONG ‘Jepjnog pues Uiseg 


BULL. GEOL. SOC. AM. VOL. 45, 1934, PL. 113 


A. Massive, or nearly massive, quartz monzonite. The scattered feldspar phenocrysts 
are not uniform in abundance and at most places are not uniform in orientation. 


B. Butte quartz monzonite with regular joint system, weathering to bouldery outcrops. 
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schistosity also dips steeply, parallel to the internal foliation just men- 
tioned. The parallelism of the internal and external plane structures, 
taken in conjunction with the diagonal joint systems (p. 880 and PI. 
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Ficure 5.—Detailed structures 


Around the lime-kiln, near the center of the south border of the batholith. 


116, B), indicates that both foliations are related to the upward drag of 
the magma rather than to an independent deformation. 

Along the Big Hole River near Dewey, at the southwest corner of the 
batholith, the river gorge and the railway cuts expose an extension of the 
The rock here con- 


mass, which is almost separated from the main body. 
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tains remarkably abundant, oriented, dark gray inclusions (Pls. 115, A and 
117, A). The map of the plane structures (Fig. 6) shows a broad sweep- 
ing curve, probably indicating the attitude of some contact wall nearby. 
The dip of these structures is not as steep as of those elsewhere and adds 
another point to the evidence of the map, suggesting that this area is a 
sort of branch, or offshoot, from the batholith. Similar inclusions are 


4mile 


Ficure 6.—Detailed structures between Divide and Dewey, Montana 


widely scattered in other parts of the batholith, but they occur in much 
smaller proportions and give evidence of structure at few places. 

One more noteworthy plane structure at this exposure is that formed 
by a “swarm” of inclusions along a plane in the monzonite, which is 
otherwise almost free from inclusions (Pl. 117, B). 

The western side of the batholith can not be mapped as definitely as the 
boundary thus far described. Much of it is concealed under rhyolite 
flows, at least part of which are later than the intrusive. Near Basin and 
Rimini the intrusive is in contact with andesites and Cretaceous hornfels. 


soit systems. 
: ° 0 + q af Dikes , mostly aplite. 
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The wall rocks dip at angles from 20° to 50° to the north, and are 


brecciated at places. 
LINEAR STRUCTURES 


Linear structures in the Boulder batholith are much more widespread 
and uniform, and probably more significant than the foliation, as indicat- 
ing the intrusive movement. They are marked by hornblende needles 
at numerous places (Pl. 114), by spindle-shaped-inclusions at a few places 
(Pl. 115, A), and by some feldspar crystals that are slightly longer than 
they are wide. A clear exposure, one and a half miles north of Moose 
Creek, shows an andesite-hornfels over a granodiorite that is almost massive 
but has the longest axes of small feldspar phenocrysts pitching northwest 
at angles of 45° to 55°. Enclosed by this structural border zone, the in- 
trusive north of Basin is probably almost devoid of mineral parallelism. 

The linear features are so elusive that a large part of the observations 
were recorded in the field with some hesitation and uncertainty. When 
the results were plotted on the map, however, the large majority fell into 
a simple system (Fig. 1). Most of the lines have a pitch of about 70° 
to the north and trend about 20° west of north, swinging from N. 30° W. 
near Butte, to due north near Helena. It is confidently believed that 
more detailed work would confirm this reconnaissance experience. As 
there are many flat-lying cross joints (Pl. 115, A) and also aplite dikes in 
this position (Pl. 117, A and B) it is fairly certain that a steep upward 
motion, or drag, has been exerted by the intrusive mass as late as the 
period of formation of these fissures, which are plainly related to the 
preceding direction of linear flow. 


JOINTS AND DIKES 


Joints and dikes in the batholith occur dominantly in certain systems 
that are clearly related to the dynamics of the intrusion. The complex 
system of joints, veins, and faults in the hill at Butte has been the subject 
of several intensive studies and need not be reviewed here. The charac- 
teristic bouldery outcrops of the quartz monzonite, throughout the whole 
area of the batholith, seem to result from spheroidal weathering of joint 
blocks. At many places the boulders are great parallel slabs, somewhat 
rounded at the corners, but still showing clearly the direction of the 
dominant joints (Pl. 113, B). 

Most of the steep joints strike about N. 40° W. in the southern part, 
and nearly north in the northern part, of the batholith. They are nearly 


6J. C. Ray: Age and structure of the vein systema at Butte, Montana, Trans., Am. 
Inst. Min. and Met. Eng., gen. vol. for 1931 (1981) p. 252-267. 
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vertical or dip steeply to the west. It is on these steep joint faces that 
the linear orientation of the hornblende crystals is most commonly ob- 
servable. Other joint faces cross these with less regularity, some nearly 
vertical, others more nearly horizontal. 

In the Butte copper mining district, according to Weed, the joints in 
the granite run chiefly N. 10° E. and N. 80° E. Much of the mineraliza- 
tion north of Butte also follows joints that run slightly north of east. At 
Rimini, and southeast for two or three miles, joints thickly coated with 
black tourmaline strike N. 67° E. and dip 82° to the south with slight 
variation. An airplane view of the mountain confirms in a striking way 
the mineralization of these east-west fractures. One can see hundreds of 
test pits in rows aligned in this direction, crossing mountains and valleys. 
Pardee and Schrader report’ that the veins from Butte to Helena run 
chiefly east and west as if from a thrust from the west after the batholith 
had at least a crust of solid rock. 

As already stated, near the contacts of an intrusive, a system of frac- 
tures can be observed which is of great scientific interest, in that it 
records a definite upward drag of the consolidating igneous mass on the 
wall rocks; these fractures are referred to as marginal joints. 

Figure 10, drawn after a diagram by H. Cloos, illustrates the structural 
features observed along the contact of the Sierra Nevada grandiorite, 
California. On the right, the wall rocks stand vertical. The granodiorite 
develops vertical or steeply dipping flow layers, and flow lines within the 
planes pitch downward in the steepest possible direction. Some dis- 
tance away from the boundary, the flow structures dip more gently, and 
become fainter (left block). If extended to the opposite contact, the 
picture would represent an arch of flow structures, and the apical portion, 
which may be devoid of flow structures, represents that portion which 
has moved upward, whereas the marginal portions have been held back by 
the friction of the wall rocks, and develop the arch structures. In addi- 
tion, however, there are joints and fissures, which dip from the contact 
into the intrusive. These are the marginal fissures. They may be occu- 
pied by dikes, and may serve as upthrusts, which are known to displace 
even the contact itself. Along these fissures, the intrusive makes room 
for itself by crowding the walls outward and pushing them upward. 
Where flow structures stand vertically, the fissures might be expected to 
lie horizontal, but it can be shown that their inward dip is due to an in- 
crease in rigidity of the igneous material, from the period of schlieren- 
arching to the stage of fracturing. The fact that these fissures continue 


7J. T. Pardee aud F. S. Schrader: op. cit., p. 202-203. 
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QUARTZ MONZONITE STRUCTURE IN THE PASS WEST OF HOMESTAKE, 
MONTANA 


Numerous hornblende needles stand nearly vertical and at right angles to feldspathic 
schlieren, some prominent, others indistinct. 
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some distance into the wall rocks indicates that the latter have also been 
dragged upward by the granodiorite. 

Although marginal fissures do not occur in such conspicuous form as in 
other intrusions, they have been observed in the Boulder batholith at the 
east, the south, the southwest, and the northwest sides, dipping toward the 
deep center of the mass (Pl. 116 B). Along the west margin many of 
them are filled with aplite dikes. On the whole, such diagonal joints are 
less prominent than others in the Boulder mass. 

Along the Northern Pacific Railway, west of Pipestone, marginal joints 
dip to the west, and some are filled with aplite. In this series of out- 
crops, however, joints are present in many attitudes, and a more detailed 
statistical study should be made before important conclusions are based 
on marginal joints and dikes. 

At the pass near Limekiln Springs, the exposures are excellent, and the 
structure is clear. Joint systems dip north at intermediate angles into 
the intrusive (Pl. 116, B). Taken in connection with the flow layers and 
lines here (Figs. 1 and 2), the nature of the lengthening of the magma 
mass is clearly indicated. It moved upward in the main chamber, past 
the irregular wall, and there was enough differential motion, or drag, 
on the walls to open these joints by tension. 

At Dewey and north of Fleecer Mountain, northeast of Dewey, a promi- 
nent series of aplite dikes dip east at intermediate angles into the batho- 
lith. The exposures are not as large and continuous as at Limekiln, but 
are believed to indicate a similar relation of intrusive to wall rock. 

Near Rimini the joints are prominent both in the wall rock and in the 
intrusive, and are thickly coated with chlorite and epidote. Two miles 
north of the contact they dip 35° to 60° southeast. South of Moose 
Creek, about two miles north of Rimini, in the granodiorite, joints with 
this oblique attitude are filled with aplite and pegmatite. 

In addition to the dikes in marginal joints there are several kinds of 
dikes in the batholith, but aplites are clearly most abundant. Others in- 
clude rhyolites, a few lamprophyres, and a fair number of pegmatites. 
Quartz masses, possibly of a pegmatitic nature, contain some feldspar and 
tourmaline, as do the pegmatites themselves. 

Different dikes have different attitudes, and there is little sign of any 
system. Most significant, perhaps, are the pegmatities in certain cross 
joints (Pl. 117, A and B) already mentioned. These range from large 
well-defined dikes to minute schlieren, all roughly normal to the hornblende 
needles oriented by late movements of injection. It must be recalled that 
more of the dikes dip gently northward than any other way; and that, 
whereas the hornblende needles also pitch north, they are nearly vertical. 
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The best lamprophyre dike noted is in a cut along the Northern Pacific 
Railway, about two miles west of Homestake. 

Aplites stand in many attitudes. Some are in cross joints, as are the 
pegmatites ; others are nearly vertical. Not many strike in the direction 
of the prevailing steep joints; in fact, many run northeast almost at 
right angles to those joints. Some were dismembered before the magma 
was wholly solid (Fig. 7), and others were faulted later (Pl. 116, A). 


CONCLUSIONS 
DISCUSSION OF CONDITIONS OF EMPLACEMENT 


In the first place, it is difficult to prove that the magma made a place 
for itself by lifting the roof. Andesite is abundant in the east and west 
walls of the batholith, at elevations from 5000 to 8000 feet. The patches 
of andesite remaining above the intrusive rock, north of Basin—so flat 
as to seem like remnants of a roof—also range from 6000 to 8000 feet 
in elevation. Some are known to be thin flat remnants, and others project 
down far into the surrounding intrusive like roof pendants. But what- 
ever their form, they were not greatly lifted as a roof might be lifted over 
a laccolithic intrusive. Possibly, as Billingsley says,* the doming may be 
as much as 3000 feet in an area 60 miles wide, but there is no evidence 
that the sediments close to the intrusive were bent or dragged up; they 
have been truncated. 

The writers see little evidence that the magma spread below a roof and 
above a floor that had sagged into a basin, as has happened, for example, 
in the Duluth lopolith. This has been a matter of some disagreement 
among those who have previously discussed the Boulder mass.? The 
walls and the internal structures clearly show that the late motion was 
chiefly upward, and that it transgressed the earlier structure in a large 
way. The dips in some of the older rocks are toward the mass, but in others 
away from it. 

Add to this negative evidence concerning the nature of the roof and 
floor, the positive evidence of upward lengthening, seen in the orientation 
of linear hornblendes and inclusions, and the positive evidence of the mar- 
ginal joints and aplites, and the balance of evidence points toward a slight 
upward movement during the last stages of magmatic activity. In the 
absence of any evidence of complex or conflicting motion, this late up- 


8 Paul Billingsley : op. cit., p. 32, 53. 
®A.C. Lawson: op. cit. 
Paul Billingsley: op. cit., p. 32. The “syncline” is much older than the batholith. 
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ward motion is interpreted by the Cloos method as indicating that the main 
intrusive motion was in the same direction, so that the mass must have 
risen steeply from considerable depths. It is a batholith in almost every 
sense of the word *°—a large plutonic igneous rock, with wide direct con- 
nection with great depths—rather than a narrow feeding channel. 

Thus far the conclusions from structural work support the prevailing 
notion as to the form and the relations of the Boulder batholith." In 
further detail as to the mode of emplacement, some suggestions are rather 
definitely opposed, but two others remain as possibilities, without any pres- 
ent evidence for a selection of one rather than the other. 


a *Quartz monzonite * 


Figure 7.—Aplite dike east of Homestake 


It intruded quartz monzonite at such an early stage that it was dismembered, and the 
quartz monzonite filled in between the fragments. 


Assimilation can hardly be assigned an important role in the rise of 
the batholith. There are, to be sure, certain parts of the mass that in- 
clude an abundance of fragments, more or less rounded, and associated 
with obscure schlieren. The monzonite between these dark inclusions, 
however, is no darker than the early dioritic phases of the intrusive, and 
is probably not greatly contaminated. The absence of such superheat 
as would favor assimilation is also indicated by the relatively insignificant 
character of the contact metamorphism—garnet and epidote zones only 
a few feet wide. 

In the absence of any pronounced schistosity in the walls, such as would 
indicate rock flowage, there still remain two possible modes by which the 
magma may have reached its present position, taking the place of the 
rocks formerly there; namely, (1) by stoping the roof, or (2) by thrust- 
ing the hard rocks aside. The evidences of such processes call for dis- 
cussion. 


10 An exception is the early definition by Suess, specifying that batholiths originate by 


melting almost in place. 
11 Questioned chiefly by Lawson: op. cit. 
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Stoping is the process that would be thought of at once by most geolo- 
gists on finding a plateau batholith that transgresses its walls. Frag- 
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Figure 8.—Sketch map of structures and igneous rocks in western Montana 


Slightly modified after BE. 8. Perry. The Boulder batholith is outlined more heavily 
than other intrusives. The Tobacco Root batholith is about 20 miles southeast of the 
Boulder mass. 


ments, however, are relatively rare in this batholith. There are certain 
re-entrants in the contacts and several roof blocks that hang into the 
intrusive as if adjoining blocks had been loosened. There are, also, 
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sparsely scattered inclusions, a few inches in diameter, rounded as if by 
assimilation (Fig. 3). Locally, as along the railroad between Divide 
and Dewey, there are abundant inclusions,4* but they do not rest on a 
floor, and there is little evidence that the main mass made room for itself 
by shattering its roof. If it rose any considerable distance by stoping, 
the stoped blocks sank beyond the depths now exposed and left few traces. 

Thrusting is alternative to stoping as a probable explanation of the way 
in which the batholith made room for itself. Deep-seated masses are able 
to crowd their walls so intensely that they yield by recrystallization. This 


Ficurs 9.—Sketch of an exposure in railway cut near Weed Siding, Montana 
The sediments seem to have been violently disturbed by the thrust of the intrusive. 


mass may well have been equally able to crowd its walls, but found them 
hard brittle rocks which would break rather than yield by flowage, partic- 
ularly at these higher levels, under slight confining pressure. The idea 
is supported by the faults in considerable numbers around the border. 
Knopf found many in the Helena district,* and others are mapped by 
Perry (Fig. 8). Extensive detailed work will be needed to find all the 
faults that the mass caused. A mass, thirty miles wide, may have thrust 
its roof and walls many miles. 

The thrusting idea is supported by the results of Clapp’s work farther 
west, along the dynamic zone east of the Idaho batholith..* The great 
Lewis thrust is associated with whole systems of faults which may be 
quite sufficient to explain the space for large intrusives. 


12 Work is in progress on these inclusions, because there is no certainty of their origin 
from outside the intrusive. They may be cognate xenoliths or segregated autoliths. 

13 Adolf Knopf: Ore deposits of the Helena mining region, Montana, U. 8S. Geol. Sur- 
vey, Bull. 527 (1913). 

4%C, H. Clapp: Geology of a portion of the Rocky Mountains of northwestern Mon- 
tana, Mont. Bur. Mines and Geol. Mem. 4 (1932). 
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Possibly the local contact features may also be taken to indicate the 
aggressive and thrusting nature of the magma. North of Austin, along 
the railway, at Weed siding, a rock cut exposes some porphyry. masses 
thrust into sediments, locally brecciating them in a manner reminding 
one of a fist thrust violently into a box of neatly arranged crackers 
(Fig. 9). 


- 


= Granite - 


Figure 11.—Contact of granite and Belt series of sediments 


Wall of Lost Creek canyon, Montana. After Billingsley; modified by addition of 
structure lines in granite. Yielding was largely upward to the right (east). There 
is not much sign of downward motion of the blocks. 


Although our reconnaissance was not extended enough to prove that 
the magma greatly enlarged its chamber by thrusting, it was sufficient to 
show that at three widely separated points there are significant marginal 
joints associated with pegmatite and aplites. At Limekiln Springs at 
the south, on the north slope of Fleecer Mountain, and between Helena 
and Rimini, these joints dip toward the center of the batholith and are 
offset as indicated in the diagrams (Fig. 10), showing quite clearly an 
active upward and outward motion of the magma during crystallization. 


LVIII—BvLL. Grou. Soc. AM., VoL. 45, 1934 
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A final observation on stoping and thrusting should be added, although 
the rock involved has not been proved to be connected with the main mass 
of the Boulder batholith. Billingsley ** notes that a granite contact on 
Lost Creek, north of Anaconda, suggests stoped blocks. This was ex- 
amined with some care because of the problem involved. The granite 
breaks through the Belt series, along several gently inclined planes, and 
the place sketched in the north wall of the glaciated valley is shown in 
Figure 11. This sketch resembles that given by Billingsley, but to it have 
been added the flow lines visible in the intrusive. There is no sign that 
the fragments were settling or that the motion of the magma was steeply 
upward. The magma has slightly broken its roof, but it continued to 
move in the direction of thrust, probably carrying the fragments upward 
rather than passively rising as the blocks settled. 

It is possible that the choice between stoping and thrusting as a mode 
of intrusion may be made definitely if detailed mapping can be done in 
a zone, thirty or forty miles wide, around the batholith itself. This 
would be a large task even for an organized group, and can hardly be 
recommended, because there is no certainty that the structure is exposed 
well enough to render conclusions possible. There are large areas of later 
flows and sediments. Although the theory of stoping may appeal to 
many geologists, it should be emphasized that the classic examples 
of stoping have not all been mapped in sufficient detail to make 
certain that thrusting was not an important process of emplacement. 
Certainly, the questions should be left unanswered at the Boulder batholith. 


CONTRAST OF SHALLOW AND DEEP BATHOLITHS 


The masses in the Canadian Shield may be considered typical of the 
deeply eroded intrusions, and the Sierra Nevada as a type of the masses 
intruded high into the folded crust, although, of course, each individual 
mass has its characteristic individual features. These may be contrasted 
with the Boulder batholith, intruded into rocks not so much folded, but 
elevated as a plateau region, the present mountains being carved by erosion 
rather than folded under compression. Although the country rocks have 
been folded, there is little sign that regional deformation by compression 
was in progress during the invasion by the batholith. 

The Boulder batholith has a few distinctive features which may be worth 
re-stating. First, no important dynamic zone has been found, along 


% Paul Billingsley: op. cit., p. 45. 
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A. Curving and faulted aplite in quartz monzonite, southeast of Butte. 


B. Diagonal tension joints dipping north in the Boulder batholith near its southern 
contact, close to Limekiln Spring. 


APLITE AND JOINTS 
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which there was much motion of magma past relatively stationary walls. 
There is no conspicuous drag in the walls, which are massive hornfels 
rather than schist, although thin schist zones occur at a few places. Sec- 
ond, the mass has a notable lack of lamprophyres. Third, at most out- 
crops there are only a few small inclusions. These features, in which 
the Boulder mass is somewhat different from some batholiths of the Cana- 
dian Shield areas, may logically enough be attributed to the fact that the 
rocks now exposed were near the roof—where the magma had practically 
reached its final resting-place, and was no longer passing by to higher 
levels. It should, perhaps, be considered analogous to the Brandberg ** 
of southern Africa, but the Boulder batholith is so much larger that it is 
hardly likely that it is a small central late up-thrust from a broader mass 
below. It seems more likely that the broad mass itself here rose until 
it was near the surface and its roof was comparatively thin. 


%H. Cloos and K. Chudoba: Der Brandberg, Neues Jahrb., B. B. 66, B (1931) p. 
1-130; especially page 57. 
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INTRODUCTION 


Two decades ago Joseph Barrell published his now classic discussion 
of the Devonian delta of the Appalachian geosyncline. In twenty years 
new data have accumulated which modify details and alter correlations, ' 
and also strengthen the original thesis. As a further investigation of the 
problem, it is now proposed to trace the early Chemung shore line across 
Pennsylvania. 

The author has devoted practically the entire past four years to a study 
of the Devonian of Pennsylvania, and has published some preliminary 
observations regarding the Upper Devonian and its problems. The 
progressive off-lap of the nonmarine, or Catskill, facies of Devonian 
sedimentation in Pennsylvania has been described from studies of a series 
of sections from north-central New Jersey to southwestern Pennsylvania 
(Fig. 1). It has been shown that the Catskill facies commenced in early 


* Manuscript received by the Secretary of the Geological Society, January 9, 1934. 

+ Published with the permission of the State Geologist of Pennsylvania. 

1 Bradford Willard: The geologic section at Selinsgrove Junction, Pennsylvania, Am. 
Midland Naturalist, vol. 13 (1932) p. 222-235; “Catskill” sedimentation in Pennsylvania, 
Bull. Geol. Soc. Am., vol. 44 (1933) p. 495-516; Chemung of southwestern Pennsylvania, 


Proc. Pennsylvania Acad. Sci., vol. 7 (1933) p. 148-159. 
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Hamilton time in the east, and continued into Chemung time? in the 
southwest. Additional data now make it possible to trace the early 
Chemung shore line across Pennsylvania from New York to Maryland. 
The Chemung lends itself particularly well to this problem of shore 
line delineation because, at the time of its earliest deposition, progressive, 
nonmarine off-lap had reached well into central Pennsylvania so that the 
eastern limit of Cayuta marine sediments completely crosses the State. 
Furthermore, whereas the Portage, the Hamilton, and older groups 
pass underneath Mississippian and Pennsylvanian formations of the 
anthracite basins of eastern Pennsylvania, and so cannot be completely 
studied throughout their eastern extension, the eastern limits of the 
marine, lower Chemung are exposed all through the country to the 
northwest and west of these coal fields, and thence southward to the Mary- 
land line. Except in a few minor instances, the lower Chemung is nowhere 
entirely concealed, although erosion has sometimes carried it away. 


METHOD OF ESTABLISHING LOCATION OF THE SHORE LINE 


In studying the Middle and the Upper Devonian of Pennsylvania, the 
author has made a particular point of following the several marine forma- 
tions, or groups, eastward and southeastward to the point where the last 
remnants of them have been eroded or their identities are lost through 
shoreward transition into nonmarine, red or green beds. In the case of 
those marine formations which extend beyond Pennsylvania’s boundaries, 
studies have been carried into New York, New Jersey, and Maryland. 
Thus, the Hamilton group is entirely marine in northeastern Pennsyl- 
vania, but in the Green Pond Mountain area of north-central New 
Jersey it grades largely into the Catskill continental phase.* The 
Portage group behaves similarly, the nonmarine beds replacing suc- 
cessively older formations of this group from the Susquehanna Valley 
eastward to the Delaware where only early Portage marine strata have 
been identified. In Fulton County, displacement of the marine Hamilton 
by red beds is apparently nearly complete locally, and nonmarine Portage 
is found in the Susquehanna Valley and elsewhere. Thus, in Fulton and 
Perry counties, the marine Portage is seen to be partly or wholly dis- 
placed by continental beds. These data indicate, as a whole, continental 


2 Bradford Willard: Chemung of southwestern Pennsylvania, Proc. Pennsylvania 


Acad. Sci., vol. 7 (1933) p. 148-159. 

8 Bradford Willard and Arthur B. Cleaves: Hamilton group of eastern Pennsylvania, 
Bull. Geol. Soc. Am., vol. 44 (1933) p. 757-782. 

Bradford Willard: “Catskill” sedimentation in Pennsylvania, Bull. Geol. Soc. Am., 
vol. 44 (1938) p. 495-516. 
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off-lap from the east and southeast, commencing as early as Middle 
Devonian time. The succeeding marine Chemung consequently grades 
into nonmarine beds farther west and northwest than do the earlier groups. 

The Chemung forms the surface rock or underlies approximately the 
entire western two-thirds of Pennsylvania, extending eastward from the 
Allegheny front as far as the Susquehanna Valley in central Pennsylvania, 
thence into the northeastern corner of the State. The eastern limits of 
the earliest Chemung have been determined by studies of Upper Devonian 
fossils and stratigraphy. The base of the Chemung is drawn at the first 
appearance of the Spirifer disjunctus fauna. In some sections the first 
Chemung faunule may be separated from the last Portage by unfossilifer- 
ous beds of uncertain age ; but in every case the oldest discovered Chemung 
fossils are believed to represent very early Chemung (early Cayuta) time, 
so that at best any chronological discrepancy is limited ; and little violence 
is done if all these occurrences be considered as essentially simultaneous. 
Especially is this evident when it is observed that nonmarine off-lap was 
quite rapid during all Chemung time so that the upper Chemung (Wells- 
burg) beds are usually found considerably west or northwest of the earliest 
occurrences of lower Chemung strata. The eastern limit of the marine 
Chemung is drawn where the Spirifer disjunctus fauna dies out as marine 
sediments yield place to continental deposits. Wherever the eastern limit 
of the lower Chemung is recognized, a point is established; the shore 
line has been reconstructed by connecting such points, checked by litho- 
logic data. 

The early Chemung shore line crosses Pennsylvania in a general south- 
westerly direction from Susquehanna County, near the village of Sus- 
quehanna in the northeast corner of the State, to Fulton County, in the 
south-central part. Irregularities are recognized. Three deltas, or, pos- 
sibly better, delta lobes, separated by two embayments, have been dis- 
covered. On entering Pennsylvania in Susquehanna County, the shore 
line immediately swings westward to east-central Bradford County (near 
Leraysville) there to turn rather abruptly toward the southeast into the 
northwestern corner of Wyoming County, make a small embayment north- 
west of Tunkhannock, and pass thence southwestward into Sullivan 
County. Here is encountered one of the few completely concealed portions 
of the shore line, caused by overlying Carboniferous formations, but the 
trace evidently doubles back southeastward again in a broad loop whose 
western limit is near Hughesville. The basal Chemung is again encoun- 
tered in southwestern Luzerne County, across the Susquehanna River 
from Berwick. This first protuberance of the coast outlined in north- 
eastern Pennsylvania will be hereafter referred to in this paper as the 
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Wyoming delta lobe, taking its name from Wyoming County near its 
center. The reéntrant near Berwick has been named Luzerne Bay, from 
Luzerne County. 

The shore line next turns westward along the southern boundary of 
Luzerne Bay across Columbia, Montour, and Northumberland counties, 
whence it trends westward, southwestward, and then southward. The 
coast has a small indentation in southeastern Union County, south of 
Winfield, but otherwise appears quite straight along the northern edge 
of the large peninsula, here designated as the Snyder delta lobe, for Snyder 
County at its base. The northwestern limits of this lobe could not be as 
accurately determined as most other parts of the shore line because of 
the erosion of much of the Devonian, particularly the Upper Devonian, 
in the complexly folded central part of the State. However, its trace has 
been found to accord with inferences from data projected eastward from 
the Allegheny front as a supplement to such occurrences of the Chemung 
as are preserved to the east thereof. The outline of the lobe so drawn is 
believed to be reasonably accurate. The southern border of the Snyder 
lobe is probably the most problematical section in the entire shore line. 
The coast was readily determined in southeastern Huntingdon County 
and in central and southern Fulton County, but no marine Upper Devonian 
was definitely recognized between these areas. However, a narrow strait 
must have extended eastward from the region of southeastern Huntingdon 
County, for Spirifer disjunctus is fairly abundant in northeastern and 
eastern Perry County. That this fauna did not immigrate here by way of 
some southern passage is inferred from the presence of pre-Chemung (late 
Portage) continental sediments * blocking the way in southeastern Perry 
County, and from the character of the easternmost Devonian of Mary- 
land.* Simultaneously, the Snyder lobe blocked influx of Chemung forms 
from the north, and continental conditions obtained to the east. Careful 
lithologic comparisons and detailed study of many sections in northern 
Fulton and nearby portions of Huntingdon and Juniata counties have 
finally resulted in delimiting Perry Bay, named for Perry County, as 
shown along the south side of the Snyder lobe. 

The Fulton delta lobe, named for Fulton County, extends south of 
Perry Bay into Maryland. This lobe is least sharply defined because its 
Maryland portion has not been thoroughly studied. Data used in tracing 


5 This is, in part, the Wheatfield member of the Catskill facies, and is of late Portage 


or Parkhead age. 
® Maryland Geological Survey, volumes on Lower Devonian and on Middle and Upper 
Devonian (1913) ; G. W. Stose and C. K. Swartz: Pawpaw-Hancock folio, 179, U. S. Geol. 


Surv. (1912). 
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it were obtained partly from published reports covering that part of Mary- 
land lying south of Fulton and Franklin counties, Pennsylvania.’ 


ORIGIN OF SHORE LINE FEATURES 
SOURCE OF DELTA SEDIMENTS 


The foregoing tracing of the irregular, early Chemung shore line over 
an airline distance of slightly more than 200 miles shows three delta 
lobes separated by two embayments. These features have been discovered 
and located by detailed studies of many sections whose positions are indi- 
cated by the sign § on the map, Figure 1. It was at first supposed that 
all three lobes were parts of one large delta, comparable in size to that 
of the present Mississippi River; but it seems now more reasonable to 
postulate three comparatively short rivers, each supplying sediment to 
one of the three lobes. This conclusion is based upon several lines of 
evidence. Barrell located the highlands of Appalachia approximately 
coincident with the present “fall line,” a view with which the author’s 
observations of conditions of continental off-lap and changes of lithology 
in and beyond eastern Pennsylvania concur. The character of the 
Upper Devonian marine sediments in particular and, to a less extent, 
those of the Middle Devonian, substantiates this view. The stratigraphy 
implies rapid accumulation and deposition in comparatively strong, shift- 
ing currents. Coarse, often cross-bedded sandstones with occasional peb- 
ble beds dominate both fresh- and salt-water Upper Devonian formations 
eastward from central Pennsylvania. Off-lap was strongly progressive 
throughout the late Devonian, and the bays tended to fill rapidly. The 
narrow strait leading from Perry Bay to the open sea to the west was 
closed in fairly early Chemung time, and the eastern end of the bay became 
landlocked. This is evidenced by a dwarfed and specifically restricted 
fauna occurring somewhat above the first appearance of Spirifer disjunctus 
in eastern Perry County. 

The three rivers postulated as supplying sediments to the three lobes 
have been sketched on the map, although their courses are largely con- 
jectural. In the north is located the New Jersey River. Rising in or near 
northern New Jersey this stream is thought to have flowed northwestward 
across northeastern Pennsylvania, building the Wyoming lobe. The two 
subsidiary lobes along its outer border imply that the river divided into 
two main distributaries. In the south, the Maryland River probably rose 
somewhere in northeastern Maryland and spread its sediments northwest- 


1 Ibid. 
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ward into the sea. Small irregularities along the outer margin imply a 
number of distributaries. Between these two major streams a third, the 
Pennsylvania River, presumably rose in the region of central New Jersey, 
crossed eastern Pennsylvania in a northwesterly direction, and debouched 
in the area south and west of the present forks of the Susquehanna River 
at Sunbury. Its main work was the construction of the large, reniform 
Snyder lobe. A coalescence of the Snyder and the Fulton deltas is 
implied by the early isolation of the headwaters of Perry Bay. Probably 
like conditions took place in Luzerne Bay, although conclusive evidence is 
lacking because of the erosion of much of the Devonian from northern 
Union and Northumberland counties. By late Chemung time all of the 
designated features of the early Chemung coast were largely gone because 
rapid off-lap established the shore far to the west or the northwest. 
Although the boundaries of the deltas are thus established, it is difficult 
to identify their parts, stratigraphically. In general, the succession of 
sediments encountered in passing upward in any section shows an increase 
in coarseness from marine to fresh-water strata. Simultaneously, the 
sediments lose their regular, marine bedding. Cross-bedding gradually 
becomes more and more common until, with the disappearance of marine 
fossils, or even before, cross-bedded, coarse, often greenish sandstones are 
common in many sections. These, in turn, alternate with red sandstones 
and shales until, as purely continental conditions prevail, these last become 
the most abundant sedimentary type. Above the dominantly marine beds, 
the sediments of the three delta lobes differ slightly. As these parts are 
clearly contemporaneous and probably were derived from lithologically 
similar regions, this is not surprising. However, petrographic studies 
might yield important data on this question. It is a source of regret that 
time and facilities at present prevent such investigations. Carried out, 
these should prove a positive check upon the positions postulated for the 
rivers, in that they might determine the location of headwaters, assum- 
ing sufficient lithologic differences in those regions to be recognized by 


petrographic methods. 


DEFLECTION OF LOBES 


The axes of the lobes tend to turn toward the southwest. Such turning 
suggests a long-shore current flowing in that direction, past the river 
mouths. The supposition that this Pennsylvania portion of the early 
Chemung coast of Appalachia bordered an embayment of the later Devo- 
nian epeiric sea, which reached into western New York and Pennsylvania, 
would suggest a clockwise rotation of the waters of that sea. 
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SNYDER LOBE 

Sedimentary history 
It is unnecessary to discuss details of each of the three lobes; rather, a 
careful consideration of the stratigraphy of the Snyder lobe, which is the 
largest and best understood, will suffice for all. From this area the 
Chemung sea was excluded by the advance of continental sediments 
which had already begun to encroach in Portage time.* Marine, lower 
Chemung strata occur only along the borders of the lobe. Irregularities 
in sedimentation began in early Devonian time in the region of the eastern 
half of this lobe. Although the Helderberg seems to have had a normal 
history,® the lithology of the Oriskany records an abnormal condition. 
In the northern part of the lobe this formation is usually represented by 
coarse sandstone, carrying a fauna whose species imply relationships 
chiefly to New York;?° but in the southern part of the lobe it is cherty 
(cf. the Shriver chert of Maryland **) with species more truly charac- 
teristic of the formation in Maryland. There are local exceptions to this 
condition, but the fact that it prevails in the majority of instances implies 
the setting up in early Devonian times of some sort of barrier in the 
region of the eastern end of the Snyder lobe. This barrier may be thought 
of as an influx of sediments from the east. The Onondaga shows pecu- 
liarities. A fairly pure or cherty limestone in eastern Pennsylvania, 
this formation grades largely to buff or greenish shale west of the present 
Susquehanna Valley.'2 The Hamilton group is exceptional also. Instead 
of the characteristic dark, sandy shale and shaly sandstone of central 
Pennsylvania, these beds, although entirely marine in the Snyder lobe, 
carry much coarse sandstone, particularly in those parts of the group of 
Marcellus and Skaneateles ages.** The source of these sands may have 
been to the south, rather than the east. Possibly, in Onondaga and Ham- 
ilton times, the Maryland River or its ancestor debouched more to the 
northward into the region later occupied by Perry Bay. Such a supposi- 


8 Bradford Willard: The geologic section at Selinsgrove Junction, Pennsylvania, Am. 
Midland Naturalist, vol. 138 (1982) p. 222-235; H. S. Williams and E. M. Kindle: Con- 
tributions to Devonian Paleontology, U. S. Geol. Surv., Bull. 244 (1905) p. 67-91. 

® J. B. Reeside: The Helderberg limestone of central Pennsylvania, U. 8. Geol. Surv., 


Prof. Pap. 108K (1918) p. 186, 190, 220-224. 
% Bradford Willard: Oriskany at Susquehanna Gap, Pennsylvania, Bull. Geol. Soc. 


Am., vol. 42 (1981) p. 697-706. 
11 Maryland Geological Survey, volumes on Lower Devonian and on Middle and Upper 


Devonian (1913). 

12 BE. M. Kindle: The Onondaga fauna of the Allegheny region, U. S. Geol. Surv., Bull. 
508 (1912) p. 23-34. In his pioneer work on the Onondaga, Kindle observed this change. 
His data have been substantiated by the discovery of many new exposures of the forma- 
tion, made in cuts and excavations along recently constructed highways. 

13 Bradford Willard: Hamilton group of central Pennsylvania, Proc. Geol. Soc. Am., 


1933 (1934) p. 348. 
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tion agrees with the assumed gradual southwestward deflection of the 
lobes. The Middle Devonian sediments are all unquestionably marine, 
but the thousand or more feet of Portage beds above the Genesee (the 
Tully has not been recognized anywhere in the Snyder lobe) are often cross- 
bedded, olive greenish, or even red sandstones (and some shale) whose 
coarseness increases eastward into Northumberland and northern Dauphin 
counties. In these sediments, marine organisms are either wanting or 
occur in widely separated, sporadic lenses, implying occasional, brief, 
marine incursions. However, in passing north, south or west from eastern 
Snyder County, the Portage group, particularly the Ithaca formation, 
becomes much more fossiliferous, and its lithology grades into finer tex- 
tured sandstone, with a greater percentage of interbedded shale. Simul- 
taneously, the beds change from green or red to gray or brown. 

Thus, with gradual off-lap westward into Portage seas, came continental 
beds. The lowest of these mingle with the highest fossiliferous zones of 
the Ithaca sandstone. Red beds and coarse, green, cross-bedded sands 
appear, reminiscent of the “Oswayo” sandstone of north-central Penn- 
sylvania. Plant fragments and occasional pebble bands are encountered. 
These continental beds, spreading toward the northwest, west, and south- 
west, finally built the lobe to the proportions outlined for early Chemung 
(Cayuta) time. 


Source of sediments 


The source of the clastic, continental (Catskill) sediments of the Snyder 
lobe may be determined approximately. The axis of the lobe tends slightly 
south of east, curving southwestward in the more remote, younger parts 
where deposition is assumed to have been influenced more and more by the 
prevailing marine circulation. Projecting the axis southeastward, it is 
seen to pass through or near the southern border of the southern anthracite 
field. It is pertinent here to digress sufficiently to predict that the thickest 
Devonian in Pennsylvania will probably eventually be found to underlie 
this field. Such a statement runs counter to the accepted ideas which 
place the region of maximum Devonian sedimentation in the Susquehanna 
Valley, and westward. This oft-repeated concept seems traceable to the 
work of the Second Geological Survey of Pennsylvania, in which a thick- 
ness was assigned to the Devonian of the Susquehanna Valley, for example, 
in excess of that which it is now known to attain. The writer has already 
shown ** that the maximum for the Hamilton group is probably in the 


4% Bradford Willard and Arthur B. Cleaves: Hamilton group of eastern Pennsylvania, 
Bull. Geol. Soc. Am., vol. 44 (1933) p. 757-782. 
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Lehigh Valley, not in central Pennsylvania. The same seems true of all 
the post-Hamilton Devonian groups except in so far as they may have 
been eroded. If these facts of lithology and thickness be true, they 
should locate within rather narrow boundaries the direction from which 
the material for the Snyder lobe came, and it is upon such data that the 
probable course of the Pennsylvania River has been drawn. 

The Wyoming and the Fulton deltas differ little stratigraphically from 
the Snyder lobe. Deposition in the region of the Wyoming lobe probably 
did not begin until Hamilton, or even early Portage, time, for the pre- 
Portage sediments to the south and southeast of it are normal marine 
types. The Maryland River may have begun its work of building the 
Fulton lobe as early as Onondaga time, judging from the shaly character 
of that formation in Fulton County. 


SUMMARY AND CONCLUSIONS 


The early Chemung shore line may be traced southwestward from north- 
eastern to south-central Pennsylvania. Along this shore line are recog- 
nized three delta lobes, separated by two embayments. The lobes tend 
to curve southwestward, a deflection probably resulting from the influence 
of oceanic circulation. The three lobes are thought to have been built 
independently by a corresponding number of short, rapid rivers carrying 
sediments from the adjacent highlands of Appalachia, westward to the 
interior sea. The effect of delta construction began in pre-Chemung 
time—in at least one instance, as far back as Oriskany time. In general, 
these results agree with Barrell’s original thesis on the position, origin, 
and extent of the Upper Devonian delta of the Appalachian geosyncline, 
in so far as Pennsylvania is involved. The present work has developed 
a detailed delineation within narrow limits of the irregularities of the 
early Chemung shore line, has applied specific place names to the several 
more important paleogeographic features recognized along that shore line, 
has worked out in detail the history and the local stratigraphy, and has 
determined the probable location of the rivers that supplied the deltas 


with sediments. 
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INTRODUCTION 


Knowledge of the successive faunas of North America is still im- 
perfect. Far more is known of the marine invertebrate faunas than of 
the fresh water and terrestrial ones, as the former are more abundant in the 
separate strata, and have, in most cases, wider regional extent. Thus, the 
correlation of formations of an epeiric sea is relatively simple, even 
though the sea may have covered a large portion of North America. 
There is, accordingly, comparatively little difficulty in the correlation of 
the majority of formations from Lower and Upper Ordovician, Middle 
Silurian (Niagaran), Middle Devonian (Ulsterian, Erian, and Senecan), 
and, in the West, Upper Devonian, Lower and Upper Mississippian, 
Lower and Middle Permian, Upper Triassic, Late Jurassic, and marine 
Upper Cretaceous. 

Formations laid down during times of enlarged continents and of 
limited marine incursions are difficult to correlate unless sections are 
found where the two types of deposits interfinger. Fossils in continental 
deposits are rare, as a rule; moreover, their correlation with the marine 
formations is often debatable. This is naturally more true of the 


* Manuscript received by the Secretary of the Society, January 15, 1934. 
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Paleozoic and the Mesozoic than of the Cenozoic, for most of the con- 
tinental deposits laid down during the present era are still available for 
study. These will, doubtless, in large measure be eroded before the 
regions again become sites for deposition, at which time they would be 
somewhat comparable to the Mesozoic formations of today. There is, 
thus, considerable difficulty in correlating many of the formations of 
early and late Silurian, Triassic, Jurassic, and Lower Cretaceous. 

There is also difficulty in correlating the marine deposits of separate 
geosynclines, as is seen in Middle and Later Cambrian, Upper Devonian, 
and Late Mississippian. 

The accompanying charts attempt to give the correlation of the prin- 
cipal geologic formations of North America, usually by states. At times, 
two or more states head a column when the same formation names are used 
over a broader region. In those cases in which a single formation name 
is used over a wide area, the author has endeavored to list it in the state 
in which the type locality occurs, but at times when that state is not 
given a separate column it is listed in a neighboring state. 

There will, of course, be difference of opinion as to the choice of names 
used in some states, and such divergence of opinion will naturally be 
especially true in regard to the correlation of some of the formations. 
Many of these correlations must be regarded as provisional, to be modified 
when further data are forthcoming. 

States and provinces in each group of periods listed in the charts differ 
to a greater or a lesser degree. The formations from one state may be 
from a single succession in the field, but they usually represent a com- 
posite selection from several sections, so that the names in most frequent 
use may be recorded. In the Permian of New Mexico, for example, the 
lower formations are from the central part of the state, and the upper 
ones are from the southeastern section. 

The charts list 140 terms in the European column and over 1500 sepa- 
rate formation names for America. These are limited to Canada and the 
United States except for the Upper Cretaceous and Tertiary which in- 
clude, in addition, columns from Mexico and Central America, Colombia, 
Venezuela, and the West Indies. Mexico is likewise included in the 
Jurassic and Lower Cretaceous. 

Formation names differ from geographic names, such as those of post- 
offices, rivers, and mountains, in that they have a time significance. 
Rochester, New York, or- Rochester, Minnesota, are easily distinguished, 
but the Lone Mountain formation of Upper Silurian age in the 
Mackenzie region and of Middle Silurian and Upper Ordovician age in 
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Nevada «re kept mentally separate with difficulty because of the time 
significance attached to the formation name. So, likewise, with the for- 
mation name, San Rafael, which is of Upper Jurassic age in Utah and 
Oligocene in Mexico. There is at present no international board for 
North America to consider the names of its geologic units. It would be 
to the great advantage of the science were such a board established. 

I wish to thank the numerous authors whose work has made this at- 
tempt at correlation possible. Special thanks are due to M. Grace Wil- 
marth, secretary of the United States Committee on Geologic Names, 
whose summary charts of various states have been most helpful. In the 
preparation of these charts I have had the excellent aid of Edward J. 
Rhodes, who acted as my research assistant throughout the last academic 


year. 
MESOZOIC-CENOZOIC TRANSITION PERIOD 


Nowhere is there known a continuous marine transition from the 
Cretaceous into the Paleocene. Even in the Libyan region of North 
Africa, where the late Cretaceous Danian chalk shows a few Cenozoic 
faunal affinities, this is overlain by typical Paleocene beds (Libyan 
series), without Cretaceous fossils but with the common early Tertiary 
large foraminifera, Nummulites, and numerous other Paleocene forms.* 

In every observed outcrop of Upper Danian in northern Europe the 
surface of these calcareous beds is eroded and is overlaid by clastic 
Tertiary with a distinct fauna. Only one species, a Lima, persists from 
the Danian to the Tertiary.” 

In England, Stamp * found that although in a quarry face the lowest 
Tertiary (Paleocene) is apparently conformable to the underlying 
Cretaceous, it may rest upon almost any zone of the chalk. This implies 
a great amount of erosion, a lost interval which includes the Mesozoic- 
Cenozoic transition time. 

In Belgium, in some places where the Danian is absent, there occurs 
the Tuffeau de Ciply. The fossils in this indicate that it represents 
residual deposits from Maestrichtian beds laid down by an encroaching 
Montian (early Paleocene) sea, and it is, thus, not a transitional deposit, 
as was first held. 

In the Atlantic and the Gulf regions of North America there appears 
to be no Danian. Monmouth, Peedee, and Ripley-Selma correlate with 


1A. W. Grabau: A summary of the Cenozoic and Psychozoic deposits with special ref- 


erence to Asia, Bull. Geol. Soc. China, vol. 6 (1927) p. 162. 
2 Julia Gardner: Relation of certain foreign faunas to Midway fauna of Tewras, Bull., 


Am. Assoc. Pet. Geol., vol. 15, pt. 1 (1931) p. 149. 
3. D. Stamp: Introduction to Stratigraphy (British Isles), London (1928) p. 259. 
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the Maestrichtian, with such forms as Gryphaea vesicularis, Belemnitella 
americana (closely allied to the European B. mucronata), and the 
Scaphites nodosus group. 

The Paleocene also appears to be missing in the northern Atlantic 
region. The Rancocas of New Jersey correlates quite closely with the 
Aquia of Maryland. There is a total absence of the characteristic 
Cretaceous genera, Inoceramus, Exogyra, Scaphites, Belemnitella, 
Baculites, abundant in the underlying Monmouth. The many species of 
foraminifera, listed by Weller as Cretaceous, were made before the more 
detailed modern study of this order was begun. Cushman now finds no 
species with close Cretaceous affinities in the formation. Among the 
many fossils characteristic of both the Rancocas and the Aquia are 
Terebratula harlani, Gryphaea dissimularis, Gryphaeostrea vomer, and 
Venericardia planicosta var. regia. As diastrophic evidence of a lost inter- 
val, the basal member of the Rancocas, the Hornerstown, rests upon mem- 
bers of the Monmouth, progressively older and older from north to south, 
indicating a long period of erosion.* 

With many fossils in common, the Monmouth is correlated with the 
Ripley of the Gulf,® the Navarro of Texas, and the upper Montana (Fox 
Hills) of the Western Interior, although the number of similar species 
decreases with the distance. This correlation is supported by the many 
fossils in common in the Matawan of New Jersey and the Pierre of the 
Western Interior. 

Overlying the Ripley in the Gulf region is the Paleocene Midway. Of 
the 168 species in the upper part of the Ripley not one persists into the 
Midway; of the 89 genera, 20 (all the typically Cretaceous ones) 
become extinct before the Midway.° 

In northern South America the Danian was apparently a time of ero- 
sion. At Los Algodones in Venezuela the early Tertiary Misoa-Trujilla 
formation rests horizontally upon the eroded edges of the vertically 
bedded early upper Cretaceous Guayuta formation.’ In the Maracaibo 


*C. W. Cook and L. W. Stephenson: The Hocene age of the supposed late Upper Ore- 
t d marls of New Jersey, Jour. Geol., vol. 36 (1928) p. 139-148. 

Ferdinand Canu and R. S. Bassler: The Bryozoan fauna of the Vincentown limesand, 
U. S. Nat. Mus., Bull. 165 (1933). 

According to Canu and Bassler, the Bryozoa of the Upper Rancocas show a close 
similarity to those of the Maestrichtian and the Danian of Europe and little relationship 
to the usual Tertiary faunas of either Europe or America. 

5 Bruce Wade: Fauna of the Ripley formation on Coon Creek, Tennessee, U. S. Geol. 
Survey, Prof. Paper 187 (1926). 

¢T. W. Stanton: The fauna of the Cannonball marine member of the Lance formation, 
U. S. Geol. Surv., Prof. Pap. 128 (1921) p. 14. 

™W. F. Jones and W. L. Whitehead: Cretaceous-Hocene unconformity of Venezuela, 
Bull., Am. Assoc. Pet. Geol., vol. 13 (1929) p. 617-625. 
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geosyncline, Cretaceous and Tertiary beds are conformable but no late 
Cretaceous has been reported. 

In the Rocky Mountains-Great Plains region, between the usually marine 
Montanan and the universally fresh-water Tertiary, the deposits are non- 
marine with the exception of the Cannonball member of the Lance in 
North and South Dakota.* A late Cretaceous, post Montanan, age is in- 
dicated for the Cannonball. Forty percent of the mollusks are Cretaceous 
species, but Cretaceous cephalopods and Inoceramus have disappeared. 
There are no Tertiary species, but there is a closer generic relationship 
with the Tertiary of the Gulf region than with that of the Arctic or of the 
Pacific realms. These genera, persisting into the Tertiary, were intro- 
duced in the Montanan, or earlier. The corals are all new species, some 
with a close affinity to Cretaceous species and others to the Tertiary. 
There is no known marine Tertiary within a thousand miles of the Can- 
nonball area. 

Thus, aside from the Cannonball formation of the Dakotas, and, doubt- 
fully, the marine part of the Chignik of Alaska (which contains various 
species of Inoceramus, Hamites, and others), there appears to be no marine 
Danian in North America or around the Gulf of Mexico; our latest Creta- 
ceous beds have a typically Cretaceous fauna and give no evidence of the 
advent of Paleocene species. 

The age of the non-marine beds between the Montanan and the Ter- 
tiary is still an open question. The flora is dominantly Fort Union, 
which formation is placed by nearly everyone in the Paleocene. In re- 
gions where both are present, the Fort Union rests upon the Lance, or its 
equivalent, the Laramie (restricted). The flora of these lower beds is 
dominantly Fort Union. Seventy-five percent of the hundred species of 
plants in the Ludlow lignitic and the Hell Creek members of the Lance 
in the Dakotas are also in the overlying Fort Union. The marine Can- 
nonball, which interfingers with the Ludlow lignitic, is apparently late 
Upper Cretaceous. The thick Fort Union is post-Cannonball, and must 
be either late Danian or Paleocene. Until more information is available 
it seems better to let it remain in the Paleocene. 

In Colorado the Arapahoe and the overlying Denver may correlate with 
the Raton ; the flora is reported as being similar (Knowlton). The flora of 
230 species of the former two formations and 148 species of the latter one 
are, according to Berry,® more closely related to that of the early Eocene 


8T, W. Stanton: op. cit., p. 1-60. T. W. Vaughan: Corals from the Cannonball marine 
member of the Lance formation, U. S. Geol. Survey, Prof. Pap. 128 (1921) p. 61-66. 
®B. W. Berry: Wilcow flora of the southeastern States, U. S. Geol. Survey, Prof. Pap. 


156 (1930). 
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Wilcox of the Gulf region than is the flora of the Lance. Thus, Raton, 
Arapahoe, and Denver floras are younger than the Lance, but are ais- 
tinctly earlier in time than the Wilcox. 

The presence of the majority of the species of the so-called Fort Union 
flora throughout the Danian and the Paleocene means either an unparal- 
leled persistence of an almost entire flora or the need of more careful col- 
lecting and of a more refined discrimination of species, the necessity of 
a re-study of these various floras from the modern stratigraphical and 
botanical viewpoint. The early presence of the Fort Union flora is seen, 
also, in the upper Edmonton in which dinosaurs and other vertebrates 
are, according to Sternberg, pre- or early Lance.’ The lower Edmonton 
has a marine Fox Hills fauna. In many areas in the Rocky Mountains 
the continental intercalations in the marine Fox Hills contain many of 
the same plant species. 

The same question of persistence of species or insufficiently refined col- 
lection and identification is seen in the fresh-water invertebrates of this 
transition time. Many identical species are listed from the late Creta- 
ceous (Edmonton, Lance, and others), the Paleocene, and the early Eocene 
(Paskapoo). Simpson™ has reported the mammalian fauna of the 
Paskapoo as post Torrejon-Fort Union, and pre-Wasatch; it contains no 
dinosaur fragments. 

The widespread presence of dinosaur bones in Danian and Paleocene 
formations in the Rocky Mountains and Great Plains region presents the 
problem as to how many of these reptilian remains represent redeposition 
from the erosion of earlier unconsolidated beds and how many were really 
living at the time. Many genera were undoubtedly living during the 
Danian, and some may have persisted in certain regions into the Paleo- 
cene. Dinosaur remains have been reported from the Laramie, the Raton, 
the Arapahoe, and the Denver, of Colorado; from the Medicine Bow and 
the lowest Ferris, of Wyoming; from the Lance, of the Dakotas, and from 
the Ojo Alamo, of New Mexico. 

There is usually strong evidence of a structural change from the 
Danian to the Paleocene as well as within the Paleocene. At the base 
of the Ferris are irregular beds of conglomerate, 1000 feet thick, although 
they rest without change of dip upon the Medicine Bow, indicating a 
strong uprise of nearby land. Between the Ferris and the overlying 
Hanna is a marked discordance of dip, reaching 90° at times. The base 


1°M. Y. Williams and W. S. Dyer: Geology of southern Alberta and southwestern 
Saskatchewan, Geol. Surv. Canada, Mem. 163 (1930). 
1 Williams and Dyer: op. cit., p. 58. 
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of the Raton is conglomerate, as is also the base of the Arapahoe, and the 
latter rests with a discordant dip upon the Laramie. 

Until more thorough paleontological knowledge of the Rocky Moun- 
tains—Great Plains formations is obtained, their placement in either the 
late Cretaceous or the Paleocene must be considered as provisional. This 
is especially true of the Raton, the Denver, and the Arapahoe. 

The Danian appears to have been a time of widespread, although not 
uniform, withdrawal of the oceans from present land areas, leaving no 
known region in which the ocean persisted from the upper Danian into 
the early Paleocene. In the Libyan region of northern Africa and in 
North and South Dakota (Cannonball formation) some of the late marine 
Danian are known. In the continental deposits of Colorado, Wyoming, 
South and North Dakota, and Montana, Danian-Paleocene non-marine 
transitional deposits probably did occur. 


PALEOZOIC-MESOZOIC TRANSITION PERIOD 


Nowhere in the world, as far as known, is there a series of strata which 
gives a continuous marine transition from the Permian into the Triassic. 
The principal break is in the late Permian. In North America, Upper 
Permian beds are described only in the west Texas-eastern New Mexico 
region; yet even here, intercalated gypsum beds give evidence of con- 
tracting seas. No marine early Triassic has been found in or near this 
region. 

The earliest marine Triassic in North America is in the western Rocky 
Mountains region. The Woodside (see p. 916) of Idaho and northwestern 
Utah contains a few persistent Permian genera. There is no marine 
Triassic in the central or eastern part of the continent. 

The break between the Permian and the Triassic is as great as that 
between the Cretaceous and the Paleocene—probably greater—but with 
fewer outcrops, less is known concerning it. Apparently, this time of 
emergence in North America resulted in fewer deposits. In South Africa, 
however, it is pretty thoroughly bridged by the thick, continental Karroo 
series. 


NOTES ON MESOZOIC FORMATIONS 
Most of the Newark group (the formations are arranged from east to 


west) is of Keuper age, containing many land plants, fresh water inverte- 
brates, fishes, amphibians, and reptiles, especially dinosaurs. The lower 
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part may include some Muschelkalk, while the uppermost is Upper Keu- 
per or Rhaetic.’? 

The uppermost Washita is correlated with the Cenomanian. 

The lower part of the Malone of Texas, Kitchin ** correlates with the 
Kimmeridgian and Lower Portlandian. The upper part he places in the 
Lower Cretaceous (through the Valanginian). This agrees with the 
mixture of fossils in the United States Geological Survey’s Bulletin 266 
on the Malone, by Cragin and Stanton. 

Bowden may be late Middle Miocene. 

The White Cliff sandstone (Navajo formation) of southern Utah is a 
beautiful example of solidified white sand dune deposits. 

The Fernie varies in length of time in different areas. This may be 
vaused partly by erosion subsequent to deposition and partly by variations 
of deposition in an epeiric sea. Numerous fossils, especially pelecypods 
and cephalopods, indicate that it continued from the Bajocian to the 
Argovian inclusive.** As transgression took place from the north and 
west eastward a shorter time is represented in the strata to the east. 

The fresh-water Morrison, with its numerous dinosaur remains, rests 
in places upon the marine Ellis or the Sundance. Most authors agree 
in correlating these latter with the Argovian. The lowest Morrison is, 
thus, not earlier than the Upper Malm. The reptiles and the mammals 
are more closely related to the Jurassic than to Cretaceous forms else- 
where. Dinosaurs of these beds closely resemble those of the Tendaguru 
formation of East Africa, in which the beds with dinosaurs interfinger 
with marine Upper Jurassic. 

In southeastern Idaho the Woodside (Triassic) rests apparently with- 
out change of dip upon the Phosphoria (Permian). In the Woodside 
and the overlying Thaynes, although the majority of species are distinctly 
Lower Triassic in aspect, there is a persistence of such Permian genera as 
Myalina, Pleurophorus, and Spiriferina; but the most characteristic Per- 
mian genera, such as Productus, Chonetes, Spirifer, and Derbya, abundant 
in the Phosphoria, had entirely disappeared. Thus, withdrawal of the 
ocean between these formational deposits is indicated. 

The lower shaly part of the Knoxville contains an Upper Jurassic 
(Tithonian) marine fauna. This shaly portion is overlain on the Huasna 


122. R. von Huene: Notes on the age of the continental Triassic beds in North America 
with remarks on some fossil vertebrates, Proc., U. S. Nat. Mus., vol. 69 (1926) p. 5-8. 

2 F. L. Kitchin: The so-called Malone Jurassic formation in Tewvas, Geol. Mag., vol. 63 
(1926) p. 454-469. 

“4% C. H. Crickmay: Jurassic history of North America, Proc., Am. Phil. Soc., vol. 70, 


no. 1 (1931). 
15 G. H. Girty : Lower Triassic faunas, U. 8. Geol. Survey, Prof. Pap. 152 (1927) p. 93. 
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River, California, by the Lower Cretaceous sandstone part of the Knox- 
ville, with a slight discordance in dip.*® 

The middle Jurassic of the Pacific geosyncline was a time of widespread 
vulcanism,’’ from Alaska to Mexico. Here belong the Yakoun forma- 
tion of British Columbia and the Font andesite and later volcanics of 
California. Between the two series of volcanics in California are the 
marine Thompson limestone and the Mormon sandstone, which apparently 
correlate with the Bajocian and the Vesulian.*® 


NOTES ON PALEOZOIC FORMATIONS 


The age of the Squantum tillite, which is about 600 feet thick, is 
indefinite. It rests upon an earlier portion of the Roxbury conglomerate 
in which were found few short pieces of fossil tree trunks.’® The age of 
this is probably Pennsylvanian, surely not earlier than Mid-Devonian. 
Consequently, the tillite has been correlated with the widespread glacial 
period of the Late Paleozoic, and particularly with its maximum de- 
velopment in the early Permian. Conformably upon the tillite, and 
intergrading with it, is the Cambridge slate, which is about 3000 feet 
thick. It contains no fossils.”° 

The Uralian is placed by some workers in the early Permian. If this 
is true then the Ice Age is middle Permian, for its maximum develop- 
ment is apparently post-Uralian. 

The Wamsutta, of Rhode Island and southeastern Massachusetts, prob- 
ably lies above the Rhode Island formation. 

Ruedemann early showed that the Hudson River shales in eastern 
New York range in age, according to locality, from the Schaghticoke to 
Lorraine inclusive. Along the Hudson River no strata younger than 
Lower Trenton are recognized. In the Schenectady Basin, along the 
Mohawk Valley, extending west from the Hudson River, they are mostly 
of Trenton age. 

The Catskill in the Hudson Valley extends down into the Hamilton. 

Some authors assign the Monroe entirely to the Upper Silurian ; others 
place the subdivisions as is done in this chart; still others maintain that 


16 C, H. Crickmay: op. cit., p. 61. 

17 F. H. McLearn : Trends in 50 years of Canadian stratigraphy, Roy. Soc, Canada, Ann., 
vol. 1882-1932 (1932). 

C, H. Crickmay: op. cit., p. 15-102. 

1H. T. Burr and R. E. Burke: The occurrence of fossils in the Roxbury conglomerate, 
Proc., Boston Soc. Nat. Hist., vol. 29 (1900) p. 179-184. 

*°R. W. Sayles: The Squantum tillite, Bull., Mus. Compar. Zool., Harvard, geol. ser., 
vol. 10 (1914) p. 141-175. 
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the fossils indicate for the Bass Island a Cobleskill age, for Sylvania an 
Oriskany, and for Detroit River an Onondaga age. 

At the close of Lower Ozarkian (i. e., end of the Cambrian), there 
appears to have occurred a broad withdrawal of seas all over North 
America.”* 

The name, Millsap, was introduced for some Pennsylvanian beds in 
Texas by Cummins in 1891. In 1894, Cross used the same name for a 
Mississippian limestone in Colorado. Later, Cummins wrote that he 
had abandoned the use of the term in Texas. The United States Geo- 
logical Survey, therefore, in 1912 formally adopted the name, Millsap 
limestone, for the Colorado formation, and abandoned the name of “Mill- 
sap” in Texas. In 1919, however, Plummer resurrected the Millsap of 
Texas. Under date of July 28, 1932, Sellards, State Geologist of Texas, 
wrote the United States Geological Survey that he intended to replace 
“Millsap” in Texas with the unpreoccupied name, Millsap Lake. “The 
latter is therefore being reserved for his use. This seems to afford a 
happy solution of the ‘Millsap’ problem.” 2? 

Henryhouse may be Helderbergian. 

Marine faunas of the Phosphoria appear to correlate with the Owenyo 
of California, the Rocky Mountain quartzite of Alberta, the Embar of 
Wyoming, and the Word of Texas.”* 

In the Grand Canyon region of Arizona the Redwall is now restricted 
to the Lower Mississippian (of Madison age). The upper 200-500 feet 
of alternating sandstones and limestones of Pennsylvanian age are in- 
cluded in the Supai.** 

Marine fossils in the Quadrant of Montana correlate approximately with 
the Amsden of Wyoming.** The lower part of the latter contains a Ches- 
ter fauna. 

The Kennett of California contains many fossils of an upper Eifelian 
age.”6 


2 Josiah Bridge: Geology of the Eminence and Cardareva quadrangles, Mo. Bur. Geol. 
and Mines, 2nd ser., vol. 24 (1930). 

2¥From a letter dated January 21, 1933, by M. Grace Wilmarth, secretary of U. S. 
Committee on Geologic Names. 

2R. E, King: Geology of the Glass Mountains, Texas, Univ. Texas, Bull. 3042 (1930) 
p. 18-35. This volume contains an excellent faunal summary and correlation of the 
Permian of western North America. 

%*T, F. Noble: A section of the Paleozoic formations of the Grand Canyon at the Bass 
trail, U. 8. Geol. Surv., Prof. Pap. 131-B (1922) p. 54. 

2% Frank Reeves: Geology of the Big Snowy Mountains, Montana, U. 8. Geol. Surv., 
Prof. Pap. 165-D (1931) p. 142-143. 

*C. R. Stauffer: The Devonian of California, Univ. Calif., Pub. Geol. Sci., vol. 19 
(1930) p. 81-118. 
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Aalenian (D) Jurassic—18 * 
Abitibi River (B) Devonian—15 
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Albion (B) Silurian—22 
Allegheny (C) Pennsylvanian—20, 24 
Alsate (A) Ordovician—12 
Alsen (B) Devonian—22 
Alum Bluff (E) Miocene—21, 22 
Amboy (E) Upper Cretaceous—26 
Ames (C) Pennsylvanian—23, 24 
Amherstburg (B) Devonian—16 
Amsden (C) Mississippian—7 
Anacacho (E) Upper Cretaceous—17 
Anderson (C) Pennsylvanian—21 
Anderton (B) Devonian—16 
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Anisic (D) Triassic—18 
Ankareh (D) Triassic—5 
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Antietam (A) Cambrian—21 
Antigua (E) Oligocene—16 
Antrim (B) Devonian—16 
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Aptian (D) Lower Cretaceous—18 
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Aquia (E) Eocene—24, 25 
Aquitanian (E) Miocene—27 
Arago-Umpqua (E) Eocene—3 
Arapahoe (E) Paleocene—9 
Arbuckle (A) Cambrian—14 
Arenig (A) Ordovician—27 
Argovian (D) Jurassic—18 
Arikaree (E) Miocene—7, 8 
Arkadelphia (E) Upper Cretaceous— 
18 


Arkansas Novaculite (B) Devonian— 
10 

Arnheim (A) Ordovician—17 

Arroyo (C) Permian—13 

Artinskian (C) Permian—27 

Arundel (D) Lower Cretaceous—17 

Ashgill (A) Ordovician—27 

Astian (E) Pliocene—27 

Astoria (E) Miocene—3 

Athens (A) Ordovician—18, 20 
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Baird (C) Mississippian—2 
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23 


* Letters in parentheses refer to Charts A, B, C, D, E (Plates 118-122). 


Figures denote the column in which the formation is listed. 
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Belle City (C) Pennsylvanian—14 
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Brownstown (E) Upper Cretaceous— 
18 

Brule (E) Oligocene—7 
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Buda (D) Lower Cretaceous—15 
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Cannon (A) Ordovician—18, 20 
Cannonball (E) Upper Cretaceous—7 
Canyon (C) Pennsylvanian—13 
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Cobleskill (B) Silurian—22 

Coburg (A) Ordovician—23 
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Cypress Hills (E) Oligocene—5 


Dagger Flat (A) Cambrian—12 

Dakota (D) Lower Cretaceous—9; 
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23 
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Dome Canyon (A) Cambrian—5 
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Don River (A) Ordovician—23 
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Dorchester (C) Pennsylvanian—25 

Double Mountain (C) Permian—13 

Douglas (C) Pennsylvanian—15, 17 

Downtonian (B) Silurian—27 

Doyle (C) Permian—15 

Dresbach (A) Cambrian—16, 17 

Dry Creek (A) Cambrian—8 

Dubuque (A) Ordovician—16 

Duck Creek (D) Lower Cretaceous— 
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Elvins (A) Cambrian—15 
Ely Springs (A) Ordovician—4 
Embar (C) Permian—7 
Emigrant (A) Cambrian—4 


INDEX TO CHARTS 


923. 


Emigration (D) Triassic—5 
Eminence (A) Cambrian—15 
Emperador (E) Oligocene—13 
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Floyd (C) Mississippian—22 

Foreman (D) Jurassic—3 

Foremost (E) Upper Cretaceous—5 

Forest Hill (E) Oligocene—19 

Fort Creek (B) Devonian—2 
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16 

Fountain (C) Pennsylvanian—9 

Fox Hills (E) Upper Cretaceous—5, 7, 
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Gatun (E) Miocene—13 
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Genessee (B) Devonian—19, 20, 21, 22 
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15 

Gila (E) Pliocene—10 

Gilliam (C) Permian—12 

Girardeau (B) Silurian—11 

Givetian (B) Devonian—27 

Glance (D) Lower Cretaceous—12 

Glen Canyon (D) Jurassic—5 

Glen Dean (C) Mississippian—18, 20 

Glendon (E) Oligocene—19, 21, 22 

Glenerie (B) Devonian—22 

Glen Falls (A) Ordovician—23 

Glenkiln (A) Ordovician—27 

Glenogle (A) Ordovician—3 

Glen Rose (D) Lower Cretaceous—15, 
16 

Golconda (C) Mississippian—17, 18, 20 

Goodland (D) Lower Cretaceous—16 

Gosport (E) Eocene—21 

Gower (B) Silurian—12 

Graford (C) Pennsylvanian—13 

Graham (C) Pennsylvanian—13 

Grand Gréve (B) Devonian—24 

Grand Tower (B) Devonian—11 

Graneros (E) Upper Cretaceous—7, 11 

Grassy Creek (C) Mississippian—17 

Great Blue (C) Mississippian—3 

Greenbrier (C) Mississippian—24 

Greene (C) Permian—23, 24 

Greenfield (B) Silurian—16 

Greenhorn (E) Upper Cretaceous—7, 
11 

Green Lodge (A) Cambrian—26 

Green Pond (B) Silurian—21 

Green River (E) Eocene—8 

Greenwich (A) Cambrian—22 

Grenada (E) Eocene—19, 20 

Gries Ranch (E) Oligocene—2 

Grimsby (B) Silurian—23 

Grizzly (B) Silurian—3 

Gros Ventre (A) Cambrian—9 

Guadalupe (C) Permian—11; (E) 
Upper Cretaceous—14 

Guaduas (E) Eocene—-14 


a 
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Guayabal (E) Eocene—12 

Guayuta (E) Upper Cretaceous—15 
Guelph (B) Silurian—13, 16, 22, 23 
Gueydan (E) Miocene—17 

Gulf (E) Upper Cretaceous—17 
Gunnison (D) Jurassic—11 

Gun River (B) Silurian—24 

Giinz (E) Pleistocene—27 


Hackberry (B) Devonian—1i2 
Haileybury (A) Ordovician—23 
Hamburg (A) Cambrian—4 
Hamilton (B) Devonian—20, 21, 22 
Hampshire (B) Devonian—20 
Hampton (A) Cambrian—20 
Hance (C) Pennsylvanian—20 
Hanna (E) Eocene—8 
Hannibal (C) Mississippian—17, 18 
Haragan (B) Devonian—10 
Hardgrave (D) Jurassic—3 
Harding (A) Ordovician—10 
Hardinsburg (C) Mississippian—20 
Hardyston (A) Cambrian—22 
Harlan (C) Pennsylvanian—20 
Harper (C) Permian—15 
Harpers (A) Cambrian—21 
Harpersville (C) Pennsylvanian—13 
Harriman (B) Devonian—19 
Harrington River (C) Pennsylvanian 
—26 
Harrison (E) Miocene—7 
Hartfell (A) Ordovician—27 
Hartselle (C) Mississippian—22 
Hartshorne (C) Pennsylvanian—14 
Hatchetigbee (E) Eocene—21 
Hattiesburg (E) Miocene—18, 19 
Hauterivian (D) Lower Cretaceous— 
18 
Hay River (B) Devonian—2 
Haymond (C) Pennsylvanian—12 
Helderberg (B) Devonian—20, 22 
Hell Creek (E) Upper Cretaceous—6 
Helms (C) Mississippian—12 
Helvetian (E) Miocene—27 
Hennessey (C) Permian—14 
Henrietta (C) Pennsylvanian—17 
Henryhouse (B) Silurian—10 
Henshaw (C) Pennsylvanian—20 
Herendeen (D) Lower Cretaceous—1 


CHARTS 925 


Herington (C) Permian—15 
Hermit (C) Permian—10 
Hermitage (A) Ordovician—18 
Hermosa (C) Pennsylvanian—9 
Hess (C) Permian—12 
Hettangian (D) Jurassic—18 
Hickory (A) Cambrian—13 
Higham (D) Triassic—6 

High Bridge (A) Ordovician—17 
High Falls (B) Silurian—21 
Highgate (A) Cambrian—24 
Hinchman (D) Jurassic—3 
Hiwassee (A) Cambrian—18 
Holdenville (C) Pennsylvanian—14 
Holly Springs (E) Eocene—19, 20 
Holston (A) Ordovician—18, 20 
Holtsclaw (C) Mississippian—20 
Homewood (C) Pennsylvanian—23, 24 
Honaker (A) Cambrian—20 
Hopkinton (B) Silurian—12 
Hoppin (A) Cambrian—26 
Hornerstown (E) Eocene—26 
Horn River (B) Devonian—2 
Horsetown (D) Lower Cretaceous—3 
Horton(C) Mississippian—26 
Hosselkus (D) Triassic—3 

Howell (A) Cambrian—5 

Hoyt (A) Cambrian—22 
Huerfano (E) Eocene—9 

Humber River (A) Ordovician—23 
Humbug (C) Mississippian—3 
Huntington (B) Silurian—18 
Hydaspic (D) Triassic—18 


Iberville (A) Ordovician—24 

Ignacio (A) Cambrian—10 

Indiana (C) Mississippian—19 

Indio (E) Eocene—17 

Ingleside (C) Pennsylvanian—9 
Inyankara (D) Lower Cretaceous—10 
Irondequoit (B) Silurian—23 


Jacalitos (E) Pliocene—4 

Jackfork (C) Mississippian—14 
Jackson (E) Eocene—17, 18, 19, 20, 21 
Jakutie (D) Triassic—18 

Jefferson (B) Devonian—6 

Jefferson City (A) Ordovician—15 
Jeffersonville (B) Devonian—18 
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Jelm (D) Triassic—9 
Jennings (B) Devonian—20 
Joachim (A) Ordovician—15 
Joggins (C) Pennsylvanian—26 
Johannian (A) Cambrian—25 
John Day (E) Miocene—3 
Jordan (A) Cambrian—16, 17 
Judith River (E) Upper Cretaceous— 
6 
Juniata (A) Ordovician—20, 21 
Jupiter (B) Silurian—24 
Juvavian (D) Triassic—18 


Kaibab (C) Permian—10 

Kalkberg (B) Devonian—22 

Kaltag(E) Upper Cretaceous—1 

Kansas City (C) Pennsylvanian—15, 
a7 

Karnic (D) Triassic—18 

Kayenta (D) Jurassic—5, 12 

Kekurnoi (D) Jurassic—1 

Kenai (E) Eocene—1 

Kenneth (B) Silurian—18 

Kennett (B) Devonian—3 

Kennicott (D) Lower Cretaceous—1 

Kenwood (C) Mississippian—20 

Keokuk (C) Mississippian—17, 18 

Ketona (A) Cambrian—19 

Keuper (D) Triassic—18 

Keyser (B) Devonian—20, 21 

Kialagrik (D) Jurassic—1 

Kiamichi (D) Lower Cretaceous—16 

Kimmeridgian (D) Jurassic—18 

Kimmswick (A) Ordovician—15 

Kinderhook (C) Mississippian—18, 19 

Kingston (B) Devonian—22; (E) 
Pliocene—16 

Kingurian (C) Permian—27 

Kinkaid (C) Mississippian—18 

Kirkland (B) Silurian—20 

Kirkwood (E) Miocene—26 

Kirtland (E) Upper Cretaceous—11 

Kittanning (C) Pennsylvanian—23, 24 

Kittatinny (A) Cambrian—21 

Knox (A) Ordovician—18 

Knoxville (D) Jurassic—3; (D) 
Lower Cretaceous—3 

Knoydart (B) Devonian—26 

Kokomo (B) Silurian—18 
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Kootenay (D) Lower Cretaceous—7, 
8; (E) Upper Cretaceous—5 
Kosciusko (E) Eocene—19 


Labette (C) Pennsylvanian—15 
Lacalle (A) Ordovician—24 

La Cruz (E) Miocene—16 

Ladinie (D) Triassic—18 
Lafayette (E) Pliocene—21, 24 
Lagarto (E) Pliocene—17 

Lake Louise (A) Cambrian—3 
Lake Valley (C) Mississippian—11 
Lakota (D) Lower Cretaceous—9, 10 
Lamotte (A) Cambrian—15 
Lanarkian (C) Pennsylvanian—27 
Lance (E) Upper Cretaceous—6, 7 
Lansing (C) Pennsylvanian—15, 17 
Laramie (E) Upper Cretaceous—6, 9 
Las Perdices (E) Oligocene—14 
Lattorfian (E) Oligocene—27 
Laurel (B) Silurian—18 

La Vela (E) Miocene—15 
Lawrence (C) Permian—15 
Leadville (C) Mississippian—9 
Lebanon (A) Ordovician—18 

Lebo (E) Paleocene—6 

Lecompton (C) Pennsylvanian—15 
Lee (C) Pennsylvanian—21 
Leipers (A) Ordovician—18 
Lennep (E) Upper Cretaceous—6 
Lenoir (A) Ordovician—20 
Leonard (C) Permian—12 

Leray (A) Ordovician—23 

Leroux (D) Triassic—12 

Leuders (C) Permian—13 

Levis (A) Ordovician—24 

Lewis (FE) Upper Cretaceous—8, 11 
Lexington (A) Ordovician—17 
Lias (D) Jurassic—18 

Liberty (A) Ordovician—17 

Lime Creek (B) Devonian—12 
Lincoln (E) Oligocene—2 

Linden (B) Devonian—19 

Lingula (A) Cambrian—27 

Lisbon (E) Eocene—19, 21 

Lisman (C) Pennsylvanian—20 
Lismore (C) Pennsylvanian—26 
Lissie (E) Pleistocene—17, 18 
Little Falls (A) Cambrian—22 
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Little Pittsburgh (C) Pennsylvanian 
—23, 24 

Little Saline (B) Devonian—11 

Lituya Bay (E) Miocene—1 

Llandeilo (A) Ordovician—27 

Llandovery (B) Silurian—27 

Llanvirn (A) Ordovician—27 

Lockport (B) Silurian—16, 22, 23 

Logan (C) Mississippian—23 

Lone Mountain (A) Ordovician—4; 
(B) Silurian—2, 4 

Longfellow (A) Ordovician—11 

Longview (A) Ordovician—19 

Lookout (C) Pennsylvanian—21 

Lorraine (A) Ordovician—22, 24 

Loudoun (A) Cambrian—21 

Louisiana (C) Mississippian—17, 18 

Louisville (B) Silurian—18 

Loup Fork (E) Miocene—7 

Lowville (A) Ordovician—22, 23 

Lucas (B) Devonian—16 

Ludian (E) Eocene—27 

Ludlow (B) Silurian—27; (FE) Upper 
Cretaceous—7 

Luta (C) Permian—15 

Lutetian (E) Eocene—27 

Lyell (A) Cambrian—3 

Lykins (D) Triassic—11 

Lyons (C) Permian—9 


Macasty (A) Ordovician—24 

Mackinac (B) Devonian—16 

Madera (C) Pennsylvanian—11 

Madison (A) Cambrian—16, 17; (C) 
Mississippian—3, 4, 6, 7 

Maentwrog (A) Cambrian—27 

Maestrichtian (E) Upper Cretaceous 
—27 

Magdalena (C) Pennsylvanian—11 

Magothy (E) Upper Cretaceous—25, 
26 

Mahoning (C) Pennsylvanian—23, 24 

Mallett (A) Cambrian—24 

Malm (D) Jurassic—18 

Malone (D) Jurassic—15; (D) Lower 
Cretaceous—15 

Manasquan (E) Eocene—26 

Manchioneal (E) Pliocene—16 

Mancos (E) Upper Cretaceous—9, 10 
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Manitoban (B) Devonian—14 
Manitou (A) Ordovician—10 
Manitoulin (B) Silurian—16, 23 
Manlius (B) Silurian—22; (B) Devo- 
nian—22 
Manning Canyon (C) Mississippian—3 
Mansfield (C) Pennsylvanian—19 
Manzanilla Oligocene—13 
Manzano (C) Permian—11 
Mapleton (B) Devonian—25 
Maquoketa (A) Ordovician—16 
Marathon (A) Ordovician—12 
Maravillas (A) Ordovician—12 
Marble Falls (C) Pennsylvanian—13 
Marcellus (B) Devonian—20, 21, 22 
Marianna (E) Oligocene—19, 21, 22 } 
Maricopa (E) Miocene—4 
Mariposa (D) Jurassic—3 
Marjum (A) Cambrian—5 
Marlbrook (E) Upper Cretaceous—18 
Marmaton (C) Pennsylvanian—15 
Marshalltown (E) Upper Cretaceous 
—26 
Martin (B) Devonian—8 
Martinez (E) Paleocene—4 
Martinsburg (A) Ordovician—21 
Maryville (A) Cambrian—18 
Matawan (E) Upper Cretaceous—25, 
26 
Matfield (C) Permian—15 
Mauch Chunk (C) Mississippian—24 | 
Maude (D) Jurassic—2 
Maury (C) Mississippian—21 
Maxville (C) Mississippian—23 
Maysville (A) Ordovician—17 
Mayville (B) Silurian—13 
Mazomanie (A) Cambrian—16 
McAdam (B) Silurian—26 q 
McAlester (C) Pennsylvanian—14 
McBean (E) Eocene—23 
McCarthy (D) Triassic—1 
McCloud (C) Permian—2 
McCune (A) Ordovician—15 
McDermott (E) Upper Cretaceous—11 
McElmo (D) Jurassic—12 j 
McKenzie (B) Silurian—20 i 
McKittrick (E) Pliocene—4 
McLeansboro (C) Pennsylvanian—18 
McMicken (A) Ordovician—17 
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MeMillan (A) Ordovician—17 

McNairy (E) Upper Cretaceous—20 

Meaford (A) Ordovician—23 

Meagher (A) Cambrian—8 

Medicine Bow (E) Upper Cretaceous 
—8s 

Medinan (B) Silurian—22 

Meganos (E) Eocene—4 

Melozi (E) Upper Cretaceous—1 

Menard (C) Mississippian—18 

Mendez (E) Upper Cretaceous—12 

Mendota (A) Cambrian—16, 17 

Menefee (E) Upper Cretaceous—9 

Menevian (A) Cambrian—27 

Meramec (C) Mississippian—18, 19 

Merced (E) Pliocene—4 

Mercer (C) Pennsylvanian—23, 24 

Merchantville (E) Upper Cretaceous 
—26 

Merom (C) Pennsylvanian—19 

Mesa Verde (E) Upper Cretaceous—8, 
10 

Meson (E) Oligocene—12 

Middendorf (E) Upper Cretaceous— 
23 

Midway (E) Paleocene—17, 18, 19 

Miguel (E) Upper Cretaceous—11 

Milk River (E) Upper Cretaceous—5 

Milligen (C) Mississippian—4 

Mill River (A) Cambrian—24 

Millsap (C) Mississippian—9 

Millsap Lake (C) Pennsylvanian—13 

Milton (A) Cambrian—24 

Milwaukee (B) Devonian—13 

Mindel (E) Pleistocene—27 

Mineral Wells (C) Pennsylvanian—13 

Mingo (C) Pennsylvanian—20 

Minnekahta (C) Permian—8 

Minnelusa (C) Pennsylvanian—8 

Minnewanka (B) Devonian—5 

Minnewaste (D) Lower Cretaceous— 
10 

Mirador (E) Eocene—15 

Misoa-Trujillo (E) Eocene—15 

Mispec (C) Mississippian—26 

Missouri (C) Permian—15, 17 

Moccasin (A) Ordovician—20 

Modelo (E) Miocene—4 

Modoc (C) Mississippian—10 


Moenkopi (D) Triassic—12 

Mohawkian (A) Ordovician—22 

Molas (C) Pennsylvanian—9 

Monkton (A) Cambrian—24 

Monmouth (E) Upper Cretaceous—25, 
26 

Monongahela (C) Pennsylvanian—24 

Monroe (B) Devonian—16 

Mons (A) Ordovician—3 

Montana (E) Upper Cretaceous—6 

Monterey (E) Miocene—4 

Montesano (E) Miocene—2 

Montgomery (B) Silurian—3 

Montian (E) Paleocene—27 

Montoya (A) Ordovician—12 

Montpelier (E) Oligocene—16 

Moodys (E) Eocene—19 

Moorefield (C) Mississippian—16 

Moose River (B) Devonian—25 

Moran (C) Pennsylvanian—13 

Morenci (B) Devonian—8 

Moreno (EB) Upper Cretaceous—4 

Morgantown (C) Pennsylvanian—23, 
24 

Morita (D) Lower Cretaceous—12 

Morman (D) Jurassic—3 

Morrison (D) Jurassic—5, 8, 9, 10, 11, 
12, 13 

Morrow (C) Pennsylvanian—16 

Moscovian (C) Pennsylvanian—27 

Mosheim (A) Ordovician—20 

Mount Cap (A) Cambrian—2 

Mount Clark (A) Cambrian—2 

Mount Joli (B) Devonian—24 

Mount Kindle (B) Silurian—2 

Mount Laurel (E) Upper Cretaceous— 
26 

Mount Pleasant (C) Mississippian— 
19 

Mount Selman (E) Eocene—17 

Mount Simon (A) Cambrian—16, 17 

Mount Whyte (A) Cambrian—3 

Mowry (E) Upper Cretaceous—46, 8 

Moydart (B) Silurian—26 

Muav(A) Cambrian—11 

Muddy Peak (B) Devonian—4 

Mulford (C) Pennsylvanian—20 

Mural (D) Lower Cretaceous—12 
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Murfreesboro (A) Ordovician—18 
Muschelkalk (D) Triassic—18 
Mysterious Creek (D) Jurassic—2 


Nacatoch (E) Upper Cretaceous—18 

Nacimiento (E) Paleocene—11 

Naco (C) Pennsylvanian—10; 
Permian—10 

Nahant (A) Cambrian—26 

Naheola (E) Paleocene—21 

Naknek (D) Jurassic—1 

Namurian (C) Pennsylvanian—27 

Nanafalia (E) Eocene—21 

Nanjemoy (E) Eocene—24, 25 

Nashua (E) Pliocene—22 

Natchez (E) Pleistocene—19 

Navajo (D) Jurassic—5, 11, 12, 13 

Navarro (E) Upper Cretaceous—17 

Navesink (E) Upper Cretaceous—26 

Neda (A) Ordovician—16 

Negli Creek (C) Mississippian—19 

Nelagony (C) Pennsylvanian—14 

Nelson River (A) Ordovician—7 

Nenana (E) Pliocene—1 

Neocomian (D) Lower Cretaceous— 
18 

Neva (C) Pennsylvanian—14, 15 

Nevada (B) Devonian—4 

New Albany (B) Devonian—18 

Newalla (A) Ordovician—19 

Newark (D) Triassic—17 

Newman (C) Mississippian—21 

New Providence (C) Mississippian— 
19, 20, 21 

New Richmond (A) Ordovician—16, 17 

New Scotland (B) Devonian—20, 21, 
22 

Niagara (B) Silurian—17, 22 

Niobrara (E) Upper Cretaceous—6, 7, 
8 

Nizina (D) Triassic—1 

Nolichucky (A) Cambrian—18 

Noric (D) Triassic—18 

Normanskill (A) Ordovician—22 

Nosoni (C) Permian—2 

Notch Peak (A) Cambrian—5 

Nounan (A) Cambrian—6 

Nugget (D) Jurassic—6 

Nulato (E) Upper Cretaceous—1 


(C) 
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Nussbaum (E) Pliocene—9 
Nye (E) Oligocene—3 


Oak Grove (E) Miocene—22 

Oakville (E) Miocene—17 

Ocala (E) Eocene—22 

Ochelata (C) Pennsylvanian—14 

Ogalalla (E) Miocene—8 

Ohara (C) Mississippian—18 

Ohio (B) Devonian—17 

Ojo Alamo (E) Upper Cretaceous—11 

Oldenville (A) Ordovician—19 

Olenellus (A) Cambrian—27 

Olentangy (B) Devonian—17 

Olenus (A) Cambrian—27 

Olive Hill (B) Devonian—19 

Olmos (E) Upper Cretaceous—17 

Oneota (A) Ordovician—16, 17 

Onondaga (B) Devonian—20, 21, 22, 23 
24 

Opeche (C) Permian—8 

Oquirrh (C) Pennsylvanian—3 

Orchard Creek (A) Ordovician—15 

Oread (C) Pennsylvanian—15 

Oriskany (B) Devonian—20, 21, 22, 23 

Orr (A) Cambrian—5 

Osage (C) Mississippian—18, 19 

Osgood (B) Silurian—18 

Oswego (A) Ordovician—22 

Ottosee (A) Ordovician—18 

Ouray (B) Devonian—7 

Owen (B) Devonian—12 

Owengo (C) Permian—2 

Owl Creek (E) Upper Cretaceous—20 

Oxford (D) Jurassic—18 

Ozan (E) Upper Cretaceous—18 

Ozarkian (A) Ordovician—15, 22 


Paget (A) Cambrian—3 

Pahasapa (C) Mississippian—8 
Paint Creek (C) Mississippian—17, 18 
Painted Desert (D) Jurassic—12 
Pakowki (E) Upper Cretaceous—5 
Pale (E) Upper Cretaceous—5 

Palo Pinto (C) Pennsylvanian—13 
Paluxy (D) Lower Cretaceous—15, 16 
Pamunkey (E) Eocene—25 

Panoche (E) Upper Cretaceous—4 
Papagallos (E) Upper Cretaceous—12 
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Paradise (C) Mississippian—10 

Paradoxides (A) Cambrian—27 

Park (A) Cambrian—8 

Park City (C) Pennsylvanian—3; (C) 
Permian—3 

Parker (A) Cambrian—23 

Parkhead (B) Devonian—20 

Parkwood (C) Mississippian—22 

Parrsboro (C) Pennsylvanian—26 

Parsons (C) Pennsylvanian—15 

Pascagoula (E) Miocene—18, 19, 21 

Paskapoo (E) Paleocene—5 

Paskenta (D) Lower Cretaceous—3 

Paso Robles (E) Pliocene—4 

Patapsco (D) Lower Cretaceous—17 

Patuxent (D) Lower Cretaceous—17 

Pauji (E) Oligocene—15 

Pawhuska (C) Pennsylvanian—14 

Pawnee (C) Pennsylvanian—15 

Peebles (B) Silurian—17 

Peedee (E) Upper Cretaceous—23 

Pegram (B) Devonian—19 

Pembroke (B) Silurian—25 

Pendleton (B) Devonian—18 

Pennington (C) Mississippian—20, 21, 
22 

Pensauken (E) Pleistocene—26 

Percé (B) Devonian—24 

Percha (B) Devonian—9 

Perry (B) Devonian—25 

Petersburg (C) Pennsylvanian—19 

Philipsburg (A) Ordovician—24 

Phosphoria (C) Permian—4, 6 

Pictou (C) Pennsylvanian—26 

Pictured Cliffs (E) Upper Cretaceous 
—11 

Pierce (A) Ordovician—18 

Pierre (E) Upper Cretaceous—7, 11 

Pilgrim (A) Cambrian—8 

Pinecrest (D) Triassic—5 

Pine Point (B) Devonian—2 

Pioche (A) Cambrian—5 

Pit (D) Triassic—3 

Pitkin (C) Mississippian—16 

Pittsburg Bluff (E) Oligocene—3 

Pittsburgh (C) Pennsylvanian—23, 24 

Pittsford (B) Silurian—22 

Plaisancian (E) Pliocene—27 
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Platteville (A) Ordovician—16 

Plattin (A) Ordovician—15 

Pleasanton (C) Pennsylvanian—17 

Pleito (E) Oligocene—4 

Pliensbachian (D) Jurassic—18 

Pocono (C) Mississippian—24 

Pogonip (A) Ordovician—4 

Point Lookout (E) Upper Cretaceous 
—9 

Poison Canyon (E) Eocene—9 

Pomeroy (C) Pennsylvanian—23 

Pondville (C) Pennsylvanian—25 

Pontian (E) Pliocene—27 

Pontotoe (C) Pennsylvanian—14 

Popo Agie (D) Triassic—9 

Porcupine Hills (E) Paleocene—5 

Portage (B) Devonian—17, 19, 21, 22 

Porter (E) Oligocene—2 

Porters Creek (E) Paleocene—19, 20 

Port Ewen (B) Devonian—22 

Port Hudson (E) Pleistocene—18, 19 

Portlandian (D) Jurassic—18 

Port Nelson (B) Silurian—15 

Portneuf (D) Triassic—6 

Poso (E) Oligocene—14 

Potomac (D) Lower Cretaceous—17 

Potosi (A) Cambrian—15 

Potsdam (A) Cambrian—22, 23 

Pottsville (C) Pennsylvanian—20, 22, 
24 

Poul Creek—Yakataga (E) Oligocene 
—1 

Powell (A) Ordovician—15 

Presqu’ile (B) Devonian—2 

Preuss (D) Jurassic—6 

Proctor (A) Cambrian—15 

Prospect Mountain (A) Cambrian—5d 

Ptarmigan (A) Cambrian—3 

Pueblo (C) Pennsylvanian—13 

Puerco (E) Paleocene—11 

Pulaski (A) Ordovician—22 

Purbeckian (D) Jurassic—18 

Purgatoire (D) Lower Cretaceous—11, 
13 

Purgatory (C) Permian—25 

Purisima (E) Pliocene—4 

Put-in-Bay (B) Silurian—16 

Putnam (C) Pennsylvanian—13 
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Quadrant (C) Mississippian—6 

Quall (B) Devonian—19 

Quartermaster (C) Permian—13, 14 

Quebec (B) Devonian—24 

Quebec City (A) Ordovician—24 

Queen (C) Permian—1i1 

Queen Charlotte (D) Lower Creta- 
ceous—2 

Queenston (A) Ordovician—22, 23 

Queniult (E) Pliocene—2 

Quillayute (E) Pliocene—2 

Quoddy (B) Silurian—25 


Racine (B) Silurian—13 

Ragland (C) Mississippian—20 

Raisin River (B) Silurian—16 

Rancho La Brea (E) Pleistocene—4 

Rancocas (E) Eocene—26 

Raritan (E) Upper Cretaceous—25, 26 

Raton (E) Paleocene—9 

Reagan (A) Cambrian—14 

Red Bank (E) Upper Cretaceous—26 

Red Bluff (E) Oligocene—19, 21 

Redstone (C) Pennsylvanian—24 

Redwall (C) Mississippian—10 

Reedsville (A) Ordovician—20 

Renales (B) Silurian—23 

Renault (C) Mississippian—17, 18 

Reward (C) Pennsylvanian—2 

Reynosa (E) Pliocene—17 

Rhaetic (D) Triassic—18 

Rhode Island (C) Pennsylvanian—25 

Richmond (A) Ordovician—17; (E) 
Eocene—16 

Rico (C) Permian—9 

Ridgeley (B) Devonian—20 

Ridgetop (C) Mississippian—21 

Ridley (A) Ordovician—18 

Rio Grande (E) Miocene—11 

Ripley (E) Upper Cretaceous—19, 21 

Riss (E) Pleistocene—27 

Riversdale (C) Pennsylvanian—26 

Riverside (C) Mississippian—19 

Rochester (B) Silurian—20, 22, 23 

Rock Castle (C) Pennsylvanian—20 

Rockford (C) Mississippian—19 

Rockhouse (B) Devonian—19 

Rockland (A) Ordovician—23 

Rocky Mountain (C) Permian—5 
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Rogersville (A) Cambrian—18 
Rome (A) Cambrian—19 
Romney (B) Devonian—20 
Rondout (B) Silurian—22 
Rosebud (E) Miocene—7 
Rose Hill (B) Silurian—20 
Rosewood (C) Mississippian—20 
Rosiclare (C) Mississippian—18 
Ross Brook (B) Silurian—26 
Ross Fork (D) Triassic—6 
Rotliegendes (C) Permian—27 
Roxbury (C) Pennsylvanian—25 
Rubidoux (A) Ordovician—15 
Rundle (C) Mississippian—5; (C) 
Pennsylvanian—5 
Rupelian (E) Oligocene—27 
Rustler (C) Permian—11 
Rutledge (A) Cambrian—18 


Sabine (A) Cambrian—3 

St. Albans (A) Cambrian—24; (B) 
Devonian—24 

St. Bartholomew (E) Eocene—16 

St. Charles (A) Cambrian—6 

St. Clair (B) Silurian—10 

St. Croixan (A) Cambrian—16 

St. Genevieve (C) Mississippian—17, 
18, 19, 20, 21, 22 

St. Joe (C) Mississippian—16 

St. Laurent (B) Devonian—11 

St. Lawrence (A) Cambrian—17 

St. Louis (C) Mississippian—17, 18, 19, 
20, 21 

St. Mary River (E) Upper Cretaceous 
—5 

St. Marys (E) Miocene—24, 25 

St. Maurice (E) Eocene—18 

St. Peter (A) Ordovician—15, 16, 17 

St. Piran (A) Cambrian—3 

Salem (C) Mississippian—19 

Salina (B) Silurian—12, 16, 17, 22 

Saline River (A) Cambrian—2 

Salopian (B) Silurian—27 

Salt Plain (C) Permian—15 

Saltsburg (C) Pennsylvanian—23, 24 

Saluda (A) Ordovician—17 

San Andres (C) Permian—11 

San Angelo (C) Permian—13 

Sandia (C) Pennsylvanian—11 
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San Emigdio (E) Oligocene—4 

San Felipe (E) Upper Cretaceous—12 

San Juan (E) Upper Cretaceous—12 

San Lorenzo (E) Oligocene—4 

San Luis (E) Oligocene—15 

Sannoisian (E) Oligocene—27 

San Pablo (E) Miocene—4 

San Pedro (E) Pleistocene—4; (E) 
Eocene—15 

San Rafael (D) Jurassic—5; (E) Oli- 
gocene—12 

Santa Fe (E) Miocene—11 

Santa Margarita (E) Miocene—4 

Santa Susana (E) Eocene—4 

Santiago (C) Mississippian—12 

Santonian (E) Upper Cretaceous—27 

Saratoga (E) Upper Cretaceous—18 

Sarbach (A) Ordovician—3 

Sarmatian (E) Miocene—27 

Sarten (D) Lower Cretaceous—13 

Saskatchewan (E) Pliocene—5 

Satsop (E) Pleistocene—3 

Savanna (C) Pennsylvanian—14 

Saverton (C) Mississippian—17 

Sawatch (A) Cambrian—10 

Saxonian (C) Permian—27 

Schaghticoke (A) Ordovician—22 

Schoharie (B) Devonian—22 

Scott (C) Pennsylvanian—21 

Scythic (D) Triassic—18 

Secret Canyon (A) Cambrian—4 

Sellersburg (B) Devonian—18 

Selma (E) Upper Cretaceous—19, 20, 
2 

Seminole (C) Permian—14 

Senecan (B) Devonian—22 

Senonian (E) Upper Cretaceous—27 

Senora (C) Pennsylvanian—14 

Sequatchie (A) Ordovician—18 

Sespe (E) Oligocene—4 

Seven Rivers (C) Permian—11 

Severn River (B) Silurian—15 

Sevier (A) Ordovician—20 

Sextant (B) Devonian—15 

Sexton Creek (B) Silurian—11 

Sewickley (C) Pennsylvanian—23, 24 

Shady (A) Cambrian—18, 19 

Shakopee (A) Ordovician—16, 17 

Shaktolik (E) Upper Cretaceous—1 


Shammattawa (A) Ordovician—7 
Shark River (E) Eocene—26 
Sharon (C) Pennsylvanian—23, 24 
Shasta (D) Lower Cretaceous—3 
Shawangunk (B) Silurian—21 
Shawnee (C) Pennsylvanian—15, 17 
Shelburn (C) Pennsylvanian—19 
Shenandoah (A) Cambrian—21 
Sherbrooke (A) Cambrian—3 
Sheridan (E) Pleistocene—11 
Sherman Fall (A) Ordovician—23 
Shinarump (D) Triassic—12, 13 
Shoal River (E) Miocene—22 
Shriver (B) Devonian—20 
Siberia (C) Mississippian—19 
Sicilian (E) Pliocene—27 
Siegenian (B) Devonian—27 
Signal Mountain (A) Cambrian—13 
Sillery (A) Ordovician—24 
Silverhorn (B) Devonian—4 
Silver Peak (A) Cambrian—4 
Simpson (A) Ordovician—14; (B) De- 
vonian—2 
Sinemurian (D) Jurassic—18 
Skiddaw (A) Ordovician—27 
Slave Point (B) Devonian—2 
Smithwick (C) Pennsylvanian—13 
Snowbird (A) Cambrian—18 
Snyder Creek (B) Devonian—11 
Socorro (E) Miocene—15 
Soldado (E) Eocene—15 
Solva (A) Cambrian—27 
Southgate (A) Ordovician—17 
Sparnacian (E) Eocene—27 
Spearfish (D) Triassic—10 
Spergen (C) Mississippian—17, 18, 19, 
20 
Spray River (D) Triassic—7 
Springfield (B) Silurian—17 
Squantum (C) Permian—25 
Square Lake (B) Devonian—25 
Stampian (E) Oligocene—27 
Staniukovich (D) Lower Creta- 
ceous—1 
Stanley (C) Mississippian—14 
Star Peak (D) Triassic—4 
State Quarry (B) Devonian—12 
Staunton (C) Pennsylvanian—19 
Steele (E) Upper Cretaceous—8 


| 
| 
j 
j 
j 
— 
7 
4 
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Stellarton (C) Pennsylvanian—26 
Stephanian (C) Pennsylvanian—27 
Stephen (A) Cambrian—3 
Stephensport (C) Mississippian—19 
Stillwater (C) Permian—14 
Stonehenge (A) Ordovician—20 
Stonehouse (B) Silurian—26 
Stone Point (A) Ordovician—24 
Stones River (A) Ordovician—18, 21 
Stonewall (B) Silurian—14 
Stony Mountain (A) Ordovician—7 
Strawn (C) Pennsylvanian—13 
Stuart (C) Pennsylvanian—14 
Stump (D) Jurassic—6 
Sucanochee (E) Paleocene—21 
Summerville (D) Jurassic—5 
Sumner (C) Permian—15 
Sunbury (C) Mississippian—20, 23 
Sundance (D) Jurassic—9, 10 
Sunderland (E) Pleistocene—24, 25 
Supai (C) Pennsylvanian—10; (C) 
Permian—10 
Sutton (D) Triassic—2 
Swan Peak (A) Ordovician—5 
Swasey (A) Cambrian—5 
Swearinger (D) Triassic—3 
Sycamore (C) Mississippian—14 
Sylamore (C) Mississippian—14, 16 
Sylvan (A) Ordovician—14 
Sylvania (B) Devonian—16, 17, 23 


Talbot (E) Pleistocene—24, 25 

Talkeetna (D) Jurassic—1 

Tallahatta (E) Eocene—19, 21 

Tamaulipas (D) Lower Cretaceous— 
14 

Tampa (E) Oligocene—22 

Tank Hill (A) Ordovician—4 

Tantoyuca (E) Eocene—12 

Tapeats (A) Cambrian—1i11 

Tar Springs (C) Mississippian—19 

Tartarian (C) Permian—27 

Taylor (E) Upper Cretaceous—17 

Tecovas (D) Triassic—15 

Tejon (E) Eocene—4 

Tellico (A) Ordovician—18, 20 

Temblor (E) Miocene—4 

Tempoal (E) Eocene—12 

Tennesseean (C) Mississippian—21 
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Tensleep (C) Pennsylvanian—7 

Tesnus (C) Pennsylvanian—12 

Tessey (C) Permian—12 

Thanetian (E) Paleocene—27 

Thaynes (D) Triassic—5 

Thebes (A) Ordovician—15 

Theresa (A) Cambrian—22 

Thermopolis (E) Upper Cretaceous— 
6,8 , 

Thompson (D) Jurassic—3 

Thorold (B) Silurian—23 

Three Forks (B) Devonian—6 

Thrifty (C) Pennsylvanian—13 

Thuringian (C) Permian—27 

Thurman (C) Pennsylvanian—14 

Timiskaming (A) Ordovician—23; (B) 
Silurian—23 

Timothy (D) Triassic—6 

Timpas (E) Upper Cretaceous—11 

Tinton (E) Upper Cretaceous—26 

Tirolic (D) Triassic—18 

Tithonian (D) Jurassic—18 

Toarcian (D) Jurassic—18 

Todilto (D) Jurassic—13 

Tokio (E) Upper Cretaceous—18 

Toledo (E) Oligocene—3 

Tomasopa (D) Lower Cretaceous—14 

Tombigbee (E) Upper Cretaceous—20 

Tomstown (A) Cambrian—20 

Tongue River (E) Paleocene—6 

Tonoloway (B) Silurian—20 

Tonosi (E) Eocene—13 

Tonto (A) Cambrian—11 

Topeka (C) Pennsylvanian—15 

Toro Pliocene—13 

Torrejon (E) Paleocene—11 

Tortonian (E) Miocene—27 

Tournaisian (C) Mississippian—27 

Tradewater (C) Pennsylvanian—18 

Trail (D) Jurassic—3 

Traverse (B) Devonian—16 

Travis Peak (D) Lower Cretaceous— 
15, 16 

Tremadoc (A) Ordovician—27 

Trempealeau (A) Cambrian—16 

Trenton (A) Ordovician—22 

Trinidad (E) Upper Cretaceous—9 

Trinity (D) Lower Cretaceous—15 

Trujillo (D) Triassic—15 


| 
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Tubera (E) Miocene—14 

Tulare (E) Pliocene—4 

Tullock (E) Upper Cretaceous—6 

Tully (B) Devonian—21, 22 

Turonian (E) Upper Cretaceous—27 

Tuscahoma (E) Eocene—21 

Tuscaloosa (E) Upper Cretaceous—19, 
20, 21 

Tuscarora (B) Silurian—20 

Tuscumbia (C) Mississippian—22 

Tuxedni (D) Jurassic—1 

Tuxpam (E) Miocene—12 

Twin Creek (D) Jurassic—6 

Tymochtee (B) Silurian—16 

Tyrone (A) Ordovician—18 


Vinta (A) Cambrian—10; (E) Eocene 
—8s 

Ulsterian (B) Devonian—22 

Ungalik (E) Upper Cretaceous—1 

Unicoi (A) Cambrian—20 

Uniontown (C) Pennsylvanian—23, 24 

Unkpapa (D) Jurassic—10 

Uralian (C) Pennsylvanian—27 

Utica (A) Ordovician—22 


Valanginian (D) Lower Cretaceous— 
18 

Valentian (B) Silurian—27 

Vamoosa (C) Pennsylvanian—14 

Van Buren (A) Ordovician—15 

Vancouver-Nicola (D) Triassic—2 

Van Horn (A) Cambrian—12 

Vaqueros (E) Miocene—4 

Vaureal (A) Ordovician—24 

Velasco (E) Upper Cretaceous—12 

Verde (E) Pliocene—10 

Vermejo (E) Upper Cretaceous—9 

Vesulian (D) Jurassic—18 

Vicksburg (E) Oligocene—18, 19 

Vidrio (C) Permian—12 

Vienna (C) Mississippian—18 

Vincentown Eocene—26 

Viola (A) Ordovician—-14 

Viséen (C) Mississippian—27 


Wabaunsee (C) Pennsylvanian—15, 17 
Wabi (B) Silurian—23 
Waccamaw (E) Pliocene—23 


Walden (C) Pennsylvanian—21 
Waldron (B) Silurian—18 
Walnut (D) Lower Cretaceous—15 
Wamsutta (C) Pennsylvanian—25 
Wapanucha (C) Pennsylvanian—14 
Wapsipinicon (B) Devonian—12 
Warsaw (C) Mississippian—17, 18, 19, 
20, 21 
Wartburg (C) Pennsylvanian—21 
Wasatch (E) Eocene—6, 8, 11 
Washington (C) Permian—23, 24 
Washita (D) Lower Cretaceous—15 
Watauga (A) Cambrian—18 
Waubakee (B) Silurian—13 
Waucoma (B) Silurian—12 
Waukesha (B) Silurian—-13 
Waverlian (C) Mississippian—21 
Waverly (C) Mississippian—23 
Wayne (B) Silurian—19 
Waynesboro (A) Cambrian—20 
Waynesburg (C) Pennsylvanian—23, 
24 
Wayneville (A) Ordovician—17 
Wealden (D) Jurassic—18; (D) 
Lower Cretaceous—18 
Weber (C) Pennsylvanian—3 
Weeks (A) Cambrian—5 
Weisner (A) Cambrian—19 
Wellington (C) Permian—14, 15 
Wells (C) Pennsylvanian—4 
Wenlock (B) Silurian—27 
Wenonah (E) Upper Cretaceous—26 
Werfenian (D) Triassic—18 
West Baden (C) Mississippian—19 
Westphalian (C) Pennsylvanian—27 
West Range (B) Devonian—4 
West Union (B) Silurian—17 
Wetumka (C) Pennsylvanian—14 
Weverton (A) Cambrian—21 
Wewoka (C) Pennsylvanian—14 
Weymouth (A) Cambrian—26 
Wheeler (A) Cambrian—5 
Whirlpool (B) Silurian—23 
White Cliff (D) Jurassic—5 
Whitehorse (C) Permian—13, 15 
White Pine (C) Mississippian—2 
White River (E) Oligocene—4, 7, 8 
Whitewater (A) Ordovician—17 
Whitewood (A) Ordovician—8 


— 
i 
| a 
} 
; 
: 
| 
a 
} 
} 
j 
{ 
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1 2 = 4 > 
ALASKA [MACKENZIE REN BRITISH CALIFORNIA, UTAH} 
Beaverfoot fa. Lone Mtn.ls. (Lower) Fish Haven dol | Fist 
(= Ely Springs dol) 
? 
Present- Some Ordovician 
but not given present . 
Ordovician formation but not Eureka dizile 
? 
names subdividea ? ? 
? Hill ls. | Swan Peok 
Glenogle ? 
(=Sarbach fa) | 
Yellow Hill Is. 
Garden City Is | Chok 
? 
Mons fm. 
? ? 
Dunderburg Notch Peak Is St ¢ 
Sabine sh. 
$F] Homburg 
Present af herbrooke fe | w Orr fm 
Weeks ts Now 
ee not given Sali River f Eldon fm ; Marjum ls 
aline Kwer ta! Stephen fm | SecrefCanyonsh| Wheeler fm. Bloor 
(with *) (Burges h) wasey fm. 
Cambrian formation | Black 
Mount Cap fa Ptarmigan fa | Eldorado Is. 
Mt Whyte fn 
Silver Peak 
Mount Clark fe St P; f Proche sh 
Lake Louise fu 
Fort Mountain fu 


i 
= 
4 | 


5S 6 7 9 10 12 13 
SE. IDAHO COLORA NEW MEXICO,|CENTRAL AND 
RN UTAH! MANITOBA | MONTANA | WYOMING DO | ARIZONA | TEXAS NORTHERN TEXAS 
taven det | Fish Haven dol | Mtn Is Fremont Is Mont. Is. 
| Whitewood B qh del (Moravillde chert) 
1 ? 
Woods Hollow sh 
Harding ss 
> Fort Pena fn 
? 
? 
? 
Alsate sh. 
City ls Chokecherry 
Longfellow Is Marathon Is. 
> ? (El Paso Is) 
Ellenburger ls 
M Dagger Flat ss 
of Charles fe | (Brewster fu) Signal Mtn fm 
Tonto) Beit Angel Sut 
? = Deadwood fa) Sawateh Cap Mountain fa 
a Nounan fm Pilgrim Tapeats ss} (=Bliss ss) 
n ls Park sh 
re fm. Bloomington fm Meagher ls Gros Ventre fm 
fm. Woolsey sh 
Blacksmith fm Flathead gtzte Flathead qtade 
lm sh 
? 
sh “Uinta 
Mt (may be Bre-€) 
6 8 9 10 iT 12 13 


* (+, names checked thus are discussed in the text. 


CHART A.—CAMBRIAN AND O 


? within the break in a line indicates the possibility of a ¢ 


12 13 14 iS 16 17 18 
NEW MEXICO,| CENTRAL AND ARKANSAS, | IOWA,MINNE SOTA] INDIANA, OHIO. ALA 
ARIZONA | WEST TEXAS [NORTHERN TEXAS] OKLAHOMA | KENTUCKY | TENNESSEE 
Neda fm. Elkhorn fm 
Mont. Sul h Orchard Creek sh M S thi 
(Morevilte chet) Ties aquokefa sh] Liberty equatchie fe 
Fernvale ls. | Fernvale ls Dubuque fe. pon 
=] M*Millan fn 
‘ Fairview fm Leipers fm 
MMicken sh 
Fulton ‘ 
Woods Hollow sh K; Galena dol Lexington Is Bisby, Bs 
2 immswick ls (Curdsville otbase) | Hermitege fm 
Decorah sh Decorah sh 3 
Fort Fena fm Plattn Ie Platteville ls Tyrone Is 
? is 
Simpson fm High Bridge ls 
St Peter ss St. Peter ss 
Alsate sh. ? Powell del. 
Cotter del. Oldenville |: 
; ‘ Jefferson City bi Shakopee dol Shakopee dol Newalla ls 
Longfellow Is Rubidoux fa New Richmond ss New Richmond ss Knox dol Longview Is. 
‘aso Is 
Vi = opper Ridge « 
Signal Mtn fm orden liordan ss 
onto, BrichtA Ft. Sitl fm ‘Trempealeau fm Sf. Lawrence fm 
V “Wilberns fm Eline fm 3 Frencon * ss 
resbach 43 resbac ss 
Tapeats Cop Bonnferre dol. Eau Claire ss Eau Clare ss 
Hickory ss Reagan $$ Lamotte ss. Simon ss| Mount Simon ss 
Conasauga f 
(= Coosa sh) 
Rutledge ls 
Watouga sh Rome fm 
Shady dol. Shady dol. 
Chilhowee ge Weisner fim 
iT 12 13 14 15 16 17 18 19 


CHART A.—CAMBRIAN AND ORDOVICIAN CORRELATION * 


hin the break in a line indicates the possibility of a continuation of the formation beyond it. 


When placed elsewhere ? indicates the questionable presence of 


: 
as 
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19 20 2! 22 23 24 25 26 27 
ALABAMA VIRGINIA MARYLAND, PENN- NEW Y . | QUEBEC, | MARITIME EASTERN 
new NEW YORK | ONTARIO | VERMONT | PROVINCES | massacHuserts| EUROPE 
Ellis Bay fa Ashgill 
Juniata fm | Juniata fn Queenston sh} Queenston sh. (Upper Hartfell) 
Meaford: fa. English Head fa 
]Oswege | Himber R. | 
Reedsville sh Lorraine 3] Lorrai 
TP [Frankfort] Don River |O d 
ara 
Chickamauga ; Martinsburg sh Utica Sh Collingwood act fell) 
| heys Coburg ll Iberville 
3 Rockland Lacolle 
8 Block River | len Falls ts. 
ac wer 
Moccasin, (Lowville at bess Islend Black River 
Tellico ss 
haz s lenkiln) 
Lense | Stones River ts | | Chazy 
Moshem Is. = Llanvirn 
Philipsb Skidd 
Oldenville Is )K iddaw 
nehen af base) > 
Longview Is. Bretonian Tremadoc 
er Kidge dol 
Ketona dol = Se ? “> 
Brierfield del OQ} Potsdam ss Potsdam 
Green Lodge Dolgelly oi 
KitteTinny ls ? qh ite 
J Highgate sh Johannian Ffestiniog 
Mill River eq}. 
Shenandoah | ilton 9 M O 
Conasauga fa | Honaker Is ? 
(=Coosa sh) (=Elbrook fm) 3 
Menevian 
Acadian Braintree sl. ss 
Solva 
Rome fm Waynesboro fm 5 
Parker sh. 
Shady dol Tomstown dol Greenwich Weymouth fm 
? (=Hardyston Mallett dol. (= Hoppin st) at 
| Monkton qtite| Coldbrookian Wrekin 
19 20 2l 22 23 24 25 26 27 


ible presence of beds.) 


| 
: 
ag 
. 
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i 2 3 4 © a 
ALASKA [MACKENZIE CALIFORNIA | NEVADA | ALBERTA | 
? ? 
Three Fo 
Simpson sh. West Range Minnewanka 
(= Fort Creek sh) Is is 
t N vad 
Slave Point Is. Silverhorn Jeff 
but not given de. etter sc 
Devonian formation Pine Point Is. | Kennett fa 
HornRiver sh. 
names ? 
; : but not given ? ? ? 
Silurian . Mount Kindle fa 
formation Upper 
? Montgomery ls.| Lone Mtn Is 
names 
? 
Franklin Min. fn Grizzly fa 
(may be Ord.) 
2 3 5 


if 
= 
y 
4 


6 8 9 10 12 13 
| MONTANA, NEW MEXICO, | OKLAHOMA. 
\ WYOMING. COLORADO | ARIZONA WEST TEXAS | ARKANSAS MISSOURI IOWA WISCONSIN | 
? ? ? ? 
Three Forks sh} Ouray ls State Quarry Is. 
Chof Morena] Percha sh ? 
Ka ; sh 3 Snyder Creek sht— 
Martin »_|bine Cregeen | 
Calloway ls. Cedar Valley Is. 
Jefferson ls. St Laurent ls Milwaukee 
Wittenberg sh | Wapsipinicon ls. 
+ Grand Tower ls. 
< Clear Creek chert 
? 
Little Saline ls. 
Bois dArc ls 
Bailey ls 
Haragan sh 
? 
Waubakee dol |) 
? 
Salina fm ? 
(in wells only) 
? Henrys Bertram dol Guelph dol 
sh. — Racine dol. 
Bainbridge ls.] Gower dol 
Fusselman Is ts 
Hopkinton dol. 
Chimney ? Mawville ls. 
Hill 
ls 
esfield Brassfield ls. 
(Sexton Creek) Waucoma ls Burroughs dol 
Edgewood ls.| Winston dol. 
Girardeau ls 
7 6 10 12 13 


* (+, names checked thus are discussed in the text. 


CHART B.—SILURIAN AND 


? within the break in a line indicates the possibility of a 


= 


12 ert 14 15 1G 18 io 
AISSOUR| | | WISCONSIN] MANITOBA| JAMES BAY| MICHIGAN | OHIO | JNDIANA. | Tee ccee 
? 7 ? ? 
State Quarry Is. Chagrin Chemung fm 
? ? ? Antrim sh Ohio Parle Port, 
d C sh ales) N Alb sh ad 
Lime Crash Manifoban Ls. Abitibi River Is ? 
Duffin ls 
lowa ls. Cedar Valley Is ? Olent, 
entan 
Lauren Is Milwaukee ‘n Winnipegosan Sext Traverse fm Sellersburg ls 
sh | Wapsipinicon ls Elm Point Is. Delaware Is 
rand Tower Is. ' ls) Columbus Is. Jeffersonville ls Pegram ls 
Hear Creek chert Pendleton ss | Camden cher 
Lucas dol 
ailey ls Detroit River dal Decaturville cher 
("Upper Birdsong sh 
Olive Hill fm 
Sylvania ss Sylvania ss 
| | Rockhouse sh 
? Raisin R + 
Bass Pul-in-Bay Bass Island 
aubakee do -LowerMonrog Tymochilee dol 
Salina fm ? S Kenneth ls. 
alina fm | Sal fa 
(in wells only) Kokomo |s Decatur ls. 
Guelph dol Peebles dol | Huntington | 
Bertram dol Attawapiskat Lockport dol | Cedarville Is Brownsport fn 
reel} (includes Gue 
pinbridge_{s Gower dol | Waukesha ls Ekwan Rwer ls Waldron sh 
Shenewall fe West Union Is Laurel dol Wayne Fen. 
Hopkinfon dol Mawville | (Middle = Gypsum bed Severn River ls basis Niagara shales Osgood fen 
n 
J Port Nelson ls. aan Dayton bs 
Cabot Head sh} Brassfield Is. Brassfield Is 
Hgewood ls. Winston dol. Manitoulin ls Clinch ss 
rardeau ls 
12 13 16 \7 18 19 
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the break in a line indicates the possibility of a continuation of the formation beyond it. 


CHART B.—SILURIAN AND DEVONIAN CORRELATION * 


When placed elsewhere ? indicates the questionable presence of be 


i 
> 
a 
; 
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saat 20 2i 22 23 24 25 26 27 
MARYLAND, | PENNSYLVANIA, ' SOUTHERN | QUEBEC, NEW BRUNSWIC 
TENNESSEE | VIRGINIA | NEW JERSEY| NEW YORK | ONTARIO | ANTICOSTI| MAINE | Nova'scoria| © UROPE 
? E| Catskill fa| Catskill fm | 3) \Cotekitl| 
(#Hampshireb) 42 fm 
Chemung fm Chemung ss. fn [Chemung fn Knoydarf f Famennian 
Portage sh Portage Portage fm 
Genessee sh. Genessee Genessee sh Genessee sh Frasnian 
? Tully, ls. ? a Tully, ls. (Quebec) 
Hamilton sh] Hamilton sh Hamilton sh Gaspe ss Mapleton Givetian 
= ? ? 
E Marcellus sh} Marcellus sh’ Marcellus sh 
-egram ls {= Onondaga sh Onondaga ls Onondaga Is. Onondaga Is. Onondaga ls 
Samden chert | 5} Schoharie grit 
Esopus Shale | § Esopus grit i 
hert] =] Rid | lenerip ls Percé ser Coblentzian 
Alsen ls 
Becraff ls Becraft ls ie Detroit River IMt Joli Bonk: Chapman ss ¢ 
Decaturville cher 2 New Scofland New Scofland Is New Scotland ls + dol Albans Square Lake |s Gedinman 
Birdsong sh t 2. ? (Sieqgenian) 
Olive Hill fx |Z] Coeymans ls} Coeymans ls 
Rockhouse sh Keyser Is Ferry) Malus) Sylvania $s 
? ? 
Manlius Is 
Tonoloway ls. Probably present Rondout Is Eastport fom 
Cobleskill dal Akron dot Downfonian 
Wills Creek sh 3 Salina fn | Bertie waterline 
H h Fall fn (Bertie Is te illus sh 
ecatur ts. | McKenzie fn Pembroke fm Stonehouse tm 
rownsport Lockport dol Guel ph 
(incl Guelph k t (Anticosti ) 
at fop ockpor del Edmunds f 
te = Chicotte fm Salopian 
J Rochester fm “Clinton Rochester sh] Dennys fm McAd ~ 
n fm m 
(= Rose Hill fn) P Renales dol 35 P (At Houlton) Ross Brook fm 3 
Thorold ss G R 
45] Grimsb un River 
Tuscarora ss Shawangunk Albin |= Cabot Head a Beechhill fm Valentian 3 
(Clinch ss) | (Green Pond Manitoulin dot 
s Becsie £ 
Whirlpool ss. 
19 20 2) 22 23 24 25 26 af 
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ALASKA | CALIFORNIA UTAH IDAHO ALBERTA | MONTAN, 
Present 
buf nat given Owenyo Upper Rark City fn Phosphoria & Rocky Mtn Phosphoria 
formation 
Wildwood ls 
names 
Nosoni 
M&Cloud Is. 
Reward cql ? 
- 
resent Renn Oguirrh fm 
+ 
formation a (= ?Wood River fn) 
names 
Basal Penn. Iss. 5 Upper Rundle fy 
= Ma C ? 
Quadrant fn 
- Baird sh Great Blue ls. 
Humbug fin Brazer ls 
Mississippian bul nof qwen Deseret Is 
formation 
Lower Rundle fx 
Bragdon fn! Madison Is. | Madison Is. Madison Is. 
(=?Milligen 4m) Banff. sh 
1 2 3 4 


6 8 10 u 
MONTANA | WYOMING |SOUTH DAKOTA] COLORADO | ARIZONA | NEW MEXICO] WEST TEXAS |CENTRAL TEXAS 
Rustler ls. i 
Castile gqupsum 
?Minnekahta be 3 az | 
Phosphoria fn Embar Fm. ?Opeche 2 é Delaware Word fm. Day Creek de 
Cutler fm Coconino ss. San Andres Leonard fm 
Z| Hermit sh. | Yeso fm Hess fm Clear Fark fm 
Wolfcamp fn 138] Belle Plains f 
= Admiral fm 
Putnam fm 
3| Moran fm 
Pueblo fm. 
Harpersville 
? ? Thrifty fm 
Y! Graham fm 
? - ls, Gaptank fn Caddo Creek fm 
Ingleside Brad fm 
E Tensleep ss fm Magdalena, £1 Graford fm 
Minnelusa ss in be Palo Pirfo Is 
Molas Sandia $} Mineral Wells f 
> Fourtain ak fr Haymond fn, Millsap Lake 
= 
fn Dimple fm 
a Smithwick sh 
Tesnus fe Marble Falls Is. 
+ 
Quadrant fn } Amsden fn ? 
? Barnett sh 
Paradise fm 
? 
? 
? 
Pahasapa ls Santiago chet} Ls of Boone age 
Madison Is. | Madison Is Millsap ls|Leadville ls Lake Valley ls 
Englewood ls. (=Modoc Is.) 
7 8 a 10 13 
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12 13 14 15 16 17 18 19 
NEW MEXICO| WEST TEXAS |CENTRAL TEXAS) OKLAHOMA | KANSAS | ARKANSAS| MISSOURI | ILLINOIS | INDIAN, 
astiie gypsum 
Limestones Vidrio fa 
fu) 2 Whitehorse ss Woodward group ss 
$s. = San Andresle Leonard fm 3 Nadie. 
elk Yeso fm | Hess fm Clear Fork fa Harper ss 
4 Arroyo {m. 2 fies) t f, S 
Ab ss. ellingion 4m 3 umner te 
lorence thal 
2 Admiral fm Cottonwood Is. Gouncil sh 
2 Moran Pontotoc Elmdale | Wabaunsee fn 
Pueblo fm. Ada fm. 
o| Harpersvilleg| Vamoosa fn Shawnee! Topeka ls Shawnee fn 
Gaptank fm Caddo Creek francis te = = | Konses City f MeLeansboro fn 
Heidenvilie "sh sons 
Mineral Wells Stuart sh efersbur 
Haymond fm Millsap Lake fa Savane 3 Staunton 
Dimple Trodewater fm | fe 
Wapanucko Is onsfield ss 
Mor fn Caseyville fm 
Tesnus fa Fatts is Upper Coney 
a ing ss}j Kinka: 
Jackfork ss ? ? of the Chote Clore. = Creek 
Helms group Golconda ls Belcende t 2 Sta hens 
3 Batesville ss | St Genevieve ls | St Genevi St Genevieve 
? = ? Moorefield sh St Louis Is StLlous Is i St Lours ls 
al bose) rsow ‘orsaw is 
Keokuk ls Keokuk | i de 
+ Sartiago chet | LS of Boone age Boone ls Boone ls Boone Burlington. ls Burlin 
Is) Lake Valley ls Chow ls O| Fern Glen ls New Providen 
amor. Hannibal fa 4 
vo Lowwane Rockford | 
12 13 14 16 17 18 19 
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19 20 21 22 23 24 25 26 27 
INDIANA | KENTUCKY | TENNE PENNSYLVANIA] MASSACHUSETTS] NEW BRUNSWICK, 
ENNESSEE | ALABAMA | OHIO "MARYLAND [RHODE ISLAND] NOVA ScoTIA'] EUROPE 
Thuringian | 
Tartarian 2 
Saxonian 3 
(Kingurian) | 
‘ 3 
E Autunian | 
Greene fm Greene fm (Artinskian) | 
fa (=DighTon = 
Washington Wa shingfon f 3 
? 
coal Sewickley coalde] @ 
H h f, Pomeroy coal efe Redstone coal de.| Upper 
enshaw Pitisburgh coal.cte col te. Rhode tephanian 
: Lisman tm as mPennsylvans)! § 2| chestey fm 
° § Butlalo “tw slate 
: Stellarton 
2 Anvil Rock ss Freeport Freeport grow 2. a 'Stephanian 
Petersburg Mulford fm Kittanning Group Kittanning gp Py ctou 
Staunton fm DeKoven fa Clarion group Clarion (L.Stellarfon wyestpnatian 
ss.ekc Anderson ss wood s Homewood ss | [Jogquas fm 
Hance {m Bricevil le sh 2 Shoron qroup Sharon group <gl in Namurian 
Rockcastle as Walden ss iy {Lanarkian or 
$5 Lookout ss Lower Muscovian) 
a] Neql Creek y Parkwood fa 
leasanf de Pennington sh Pennington sh sh 
Glen Deon Is anqor 
om Newman ls | Harfselle ss Windsor seres Visé 
Su. ? =|Gasper fm [Maxville Is 2- 
St Genevieve ls | St. Genevieve ls St. Genevieve | St Genevieve \s. 
FLours Is £ StL ls 
i Po on Tuscumbia ls Chevrie fen 
Wersow Is Warsaw ls Warsaw’ ls c 
Riverside ss Fort Payne — Logon fm Up Horfon 
New Providen Kenwood 5. S| NewProvidence fe 4 Bleck Hand Horton Tournasian | - 
ce} New Providence Pocono ss series (a) 
ry sh .| Ridgefop sh Sunbury sh L.Horfon 
Rockford Is | : 5| Berea (= Mispec sr) 
sh od 3 Chattanooga Chattanooga sh. 
19 20 2! 22 23 24 25 26 27 
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e 3 4 5 6 7 8 me. 
ALASKA [BRITISH COLUMBIA] CALIFORNIA | NEVADA UTAH IDAHO ALB RTA MONTANA | 
? ? q 
Kennicott Horsek 
Lower Koolenayb Kootenay fn |Cloverlys 
Q (L Blairmore (Lower) were 
ueen » 
Crefaceous Charlotte | 
? 
Fm ? ? a 
Herendeen ls S 
Up. Knoxville 
(Paskenta) ? Gannett 
Staniukovich sh group 
Morrison fon 2 Morrison fm Morris 
fm} Stump ss ? ? 
Naknek ‘n Agassiz 3 ss 2 Sundar 
Series) Hinchmon ce| Entrada ss Twin Creek Is + Ell f 
Chinitna sh ree Ferme Bicknell ss. |e Carmel fm Fernie sh 1S Tm 
Talkeetna fm Fant ‘andesite? | 
Maude fn} Hardgrave Ss Kayenta fu 
Trail fm Winaate ss 
5s. Sh. ond Is ? Unnamed beds 
of Cape Kekurnos ie) 
Chitistone ls] Vancouver -| Timothy 
fes zone? Nicola roup Star Peak fn ? Jelm 
Triassic (in part, Suff) Pit shale (= Popo/ 
Slate of Brooks Mn > ? ? 
Emigration Portneuf Is 
Limestone and 4 ? 
slate pr. ort Ha 
P; T 
Pinecres Ross Fork = Spray River fn Chuqwate Chugwa 
Woodside sh. | Woodside sh 
1 2 3 4 5 6 7 ) a 
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WYOMING 


SOUTH DAKOTA 


COLORADO 


ARIZONA 


NEW MEXICO 


ME XICO 


WESTERN AND 
SOUTHERN TEXAS 


NORTHEASTERN 
TEXAS 


NORTH AMERICA 


EASTERN 


EUROPE 


? 


Fuson fe 
Lakela ss 


? 
Purgatoire fmm 
? 


? 


Fall River 
? 


Inyon-Kara group 


2 
Fuson sh. 
Minnewaste Is 


? 
Cintura fin 
Mural I[s 
Morita fm 
Glance col. 


Purgatoire fm 
(-Sarfen ss) 


Buda Is 
Del Rio cla 
Georgetown ‘Is 


kota’ 
ofa ss 


fm. 


Edwards Is 
Comanche Peck Is 
Walnuf clay 


Denison fr 


| Kiamich: fm 


Fort Worth Is 
Duck Creek fm 


Goodland |s 


Trinity Washita 


Paluxy sand 
Glen Rose ls 


Travis Peak fin 


Comanche series 


Paluxy Sand 
Glen Rose ls 


Travis Rak Sin 


Tama sopa ls 
(Tamaulipas Is) 


Upper Malone fm 


? 


Pl 


qroup ) 


Albian 


Gault 


Gargasian 


Bedoulian 


Aptian 


(Md) Arundel 


Barremian 


Hauterivan 


Fatuxent| 
fm 


Valanginian 


eocomian 


Berriasian 


Morrison fm 
? 


? 
Morrison sh 
Unk papa ss 


? 
Morrison fm’ 
Gunnison fm) 


? 
Morrison fm 


(=M*Elmo fa) 
? 


Morrison fm 


¥ 
Sundance fm 


Sundance fn 


Curfis fm 
Entrada ss. 


Navajo $s 


Desert 


Painted 


Limestone and shale 
with ammonifes. 


Malone fm 4 


Aucella and Nerinea 


Navajo Ss 


Navajo ss 


beds 


with Slephanoceras 


Kayenta fn 


Wingate ss 


Todilfo fn 


Wingate ss. 


Lower Malone fm* 


Divesian 


Tithonian |= 
(Purbeckian)} 
Portlandia 
Kimmeridgien 


Axgovian 
Callovian 


Malm 


(Coralian' 
Bathonian 
Vesulian 
Bayocian 


Dogger 


? 


Aalenian 
Toarcian 
omerian 
Charmouthian 
(Pliensbachian! 
inemurian 
Hettangian 


Lias 


? 


Jelm fm 
(= Popo Agie’) 
? 


Chugwater 


? 


Dol ores fn 
(= Up Lykins fm) 


Chinle 4m 
(Upper part'= Leroux’) 


Chinle fn 


Shi narump cql 


Shinaryump cql 


? Spearfish fm. 


? 


? 


Moenkop fn 


Jacatecas, ete|Dockum 


Trujillo 


rou 
Tecovas 


fm 
? 


+ 

Newark group 
(Nova Scotia to 
North Carolina} 


Rhaetic 


Noric 
(Juvavian) 


Karnic 
Ladinic 
Anisic 


H ydaspic 


Dinaric | Tirolic [Bajuvaric 


Brahmanic 


Jakufic 


‘anian) 


Bunter |Muschelkalkf Keuper™ Rhodic 


Scuthic 


Dinwoody Fm. 
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2 3 4 5 
ALASKA |WASHINGTON| OREGON |CALIFORNIA| ALBERTA | MONTAI 
Pleistocene Glacial deposits ? Satsop fx) Glacial drift Gl acial dr 
Tulare 
McKittrick fa} 
Pliocene ? Nenana grave Coos cgl (Fernando fchegoin Saskatchewan 
Boy Empire fm [Monterey Flawville g 
Miocene Clailen Astoria sh Deep River 
= 
Vaqueros fn, Fort Logan 
PoulCreek-Vokafage Blakeley fm Nye shale fn 
ent =>an Lorenzo 
Oligocene f Eugene {m San E migdio 
Linco n 1m. ress Hills White Rive 
GriesRanch fm} Toledo fm ° 4P 
Kena: fm Cowlitz fm 
Tejon 
Eocene 
Crescent fm Avago - Umpqua M 
group | leqanos im 
Tong. 
Paleocene Bellingham Bay Martinez fn Et Rive 
Lebo 
Lance) Tulloc 
Chignik fm Edmonton, Hell 
?Berqnan gp) Fox Hills ss* | j]Lennep s 
Upper Kaltag Foremost fl JudthRwve 
oreno} River |Pakowki 4n| 2) Claggett s 
Creélaceous Shaktolik MilkRiverfal2-| Eagle ss. 
Chico fm {Chico Niobrara 
Upper Benton sh] 3! ah 
Meloz: Cardium ss. Frontier Sn 
fn Panoche ond Berton S ne Med 
2 3 5 6 


- 
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6 7 8 9 10 ul mY 13 
MONTANA] DAKOTAS | WYOMING | COLORADO | ARIZONA |NEW MEXICO MEXICO CENTRAL AMERKA] CO 
Glacial drift | Glacial drift | Glacial deposits| Glacial deposits Terrace gravels Terrace gravel! Gravels, ete. | Coral Reefs | Te. 

Sheridan beds 
‘ de fa] Blanco fin. 
2 Nussbaum {n vde tm) | (Type Texas) | Gravels Toro ls Ga 
Flaxville gravel 1 Osgolallo fm Sarita Fé $n La 
oup For (Rio Grande ser) 
Deep River fn Arikaree fn Igneous, Gatun fm | Tu 
arrison beds 
Fort Logan fa Intrusive /gne 
mperador ls_| Las 
Brule Eruptive and Intruswe San Rafee! tn Culebra fm 
| White Riverfa|WhteR} White River 4 rocks ?P 
ite ile Chad Te Kiver tm and Mie Sic 
Uinta 4m rocks en Alazan fm | Brito fm 
(Type rv Ufah) 
Bridger fin Guayabal 
Huer fano fm Tanto “te Tonost 
Green River fn C 
| Cuchora fm 
Westen Wasatch 4m Wasatch fn Tempoal sh lls 
Poison Canyon fm 
Tongue + R t f Te 45d 
Lebo sh ~ |Avapahoe Puerco fon 
Lennep ss. | Fox Hills ss * Vermejo Sm 33] 
Bearpaw sh Lewis sh 3s Velasco sh 
Ie Pierre sh” | Mesaverde fn ss] Mesaverde fa Ch fal P llos § 
Cl h. Point amiso tm allos 
Niobrara sh} Niobrara Niobrara fm M M 
an 
Greenhorn sh Greenhorn si (San Juan fa) Gug 
Graneros sh] Thermopolis sh =| Graneros sh. 
| Dakota ss | | Dakota ss Dakota ss | Dakofa ss 
6 7 8 9 10 rr 12 13 


* (+, names checked thus are discussed in the text. 
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12. “13 14 15 16 17 18 19 
XICO} MEXICO (CENTRAL AMERIKA] COLOMBIA | VENEZUELA |WEST INDIES | TEXAS LOUISIANA MISSISSIPPI 
Terrace gravels 
grovel) Gravels,efe. | Coral Reets | Terrace growls Coral Reefs fn 
beds =fLoro ¢ atchez fm 
Reynosa fm 
fin Manchioneal | Crtronelle f&| Citronelle fn 
ea) | Gravels Toro ls Galapa Capadare fm Laaarlo cla 
a oup 
de ser) Fleming clay | Pascagoula d Pascagoula clay 
Domsite ls 
Tu xpam Sou LaCruz marl 
Gatun fm | Tubera group] Socorro fin Secu Oakville ss Hattiesburg cy Hattiesburg clay 
Emperador ls Las Perdices CerroRlado f Catahoula SS. Catahoula $8 
e San Rafael fon C Aqua Clara sh | 
Vi £2] Oyram mar 
? Poso series San Luis 4m Antiqua Frio clay Glendon Is 
Meson fm Manzanilla fm Pay: sh Montpelier ls 
Ores! Mill- lu! 
‘aad Soldado fn St Bartholomewls Jackson fm 3 Yazoo clay 
Alazan fm | Brito fm (=San Pedro a) | | [Fayette Jackson 
Guayabal fm ( =] Yoqua fa | CockSield tm 2! Yequa fm 
anfoyuca S| MourtSelmant} St Maurice fn Tallahatta 
Aguaduas M x! Biaford x| Grenada {m| 
(Is.sh.ss.cql, | Trujillo (Ligaitic ) Holly Springs saad 
fat = Indio Sm 3 Ackerman fe 
jon fn 4500 - 10,000 * Por ers Creek 
icorilepec way Midway Clayton fn C 
ott 
Arkadelphia 
| Nelasce sh | | Ripley fm | 
iso fm Papagallos fa Taylor marl Selma chalk 
(Mendez fm) (Anacacho |s) Ozan fm Eutaw 
a sh. |Browisfown mart a 3 
Is ‘ 2 Austin chalk Tokio fe ulaw Tm Ww 
Sh San Felipe fm 
horn (San Juan fa) Guadalupe | Colon sh. Eagle Ford ? 
os sh. group (=Guayuta fm) Tuscaloosa fa T 
ss. Woodbine Woodbine sand 
12 13 14 15 16 17 18 19 
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24 25 26 27 
Mississippi | Tennessee | aLapama FLORIDA VIRGINIA | MARYLAND |NEW JERSEY WESTERN 
Port Hudson fn Streom and 


UROPE 
Talbot fm Celis albot fm Cape May fim Wurm glaciation 
Natchez fm Columbia fn beach ferraces| Marme all 


grou Wicommco Pensauken Riss 


Terrace deposits 


underland {m Suaderlond Bridgeton fm 
(Brandywine 
Citronelle fm Citronelle fry Sicilian 
= Asti 
Bluff lignite (“Lafayette Lafayette fu Bryn grovel Beacon Hill 
Waccamaw marl restian 
Choptank Kirkwood fm 
fattiesbur { Al BI ff Calvert Tortfonian 
alliesbu umDlu Grow Helvetian 
Burdigalian 
atahoula ss quifanian 
Byram marl Byram marl Chotfian 
Glendon Is ls Glendon ls 


rape lian 

ian) 
arianna ls. Mar 
ed Bluff clay 


Fe Lat torfian 
4 a (Sannossian) 
OOper mar 
Yazoo Jackson fn Jackson fn Ocala ls (Barnwell fm) Ludian 
Moodys marl 
Yequa 


Bartonian 

Gosport Sand 

Lisbon fm McBean fen Nanjemoy Shark River mart Auversian 

Fallahatta Tallahatta fm Manasquan marl! Lutetian 

ash, fan Bas Congaree sh Aquia Roncoe’ Ypresiqn 

tly S 0 rings sa uscahoma sand 

abe, 4m} Nanafalia 4m Williams burg fa Hornerstown Sparnacian 
heola fm 

Creek! Po rfers Creek B lack Ming 

ayton fm Clayton fin Clayton Fm Montian* 


(Buried ) 


intfon sand 


(I // Maestrichtian 
n wells = 
4m Campani 
fan 
Tomb: only } lle 
| 
Raritan Fem aritan fon Cenomonian 
| (including Amboy cor; 
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Figure 1.—Distribution of Paleozoic marine strata in south-central Idaho 


Adapted from a geological map compiled by C. P. Ross, largely from recent, as yet unpublished, surveys. Numbers 
within circles indicate type localities: 1—Casto; 2—Garden Creek; 3—Ramshorn Mine; 4—Bayhorse Creek; 5—Sat- 
urday Mountain; 6—Kinnikinic Creek; T—Grand View Canyon; S—Phi Kappa Creek; 9—Trail Creek; 10—Milligen 
Creek; 11—Big Wood River; 12—Elbow Canyon (not a type locality). 
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FOREWORD 


Previous studies in south-central Idaho have shown the presence of 
great thicknesses of pre-Cambrian and Paleozoic stratified rocks, con- 
spicuous differences in the rocks of neighboring areas, and the apparent 
lack of accord between the stratigraphy of this and of better-known 
regions to the southeast and east. 

In the course of studies carried on since 1923 the writer has discovered 
that although some localities exhibit rapid lateral variation and details 
of stratigraphy differ between this region and those heretofore better 
known, nevertheless, the relationship between the larger stratigraphic 
units of Paleozoic age in south-central Idaho and neighboring regions 
can now be established. The outstanding fact about the stratigraphy of 
this region is that the Paleozoic beds accumulated to relatively great 
thickness east of a shore line approximately coincident with the present 
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southeastern border of the Idaho batholith. There is good reason to 
believe that Belt (pre-Cambrian) shallow-water marine sediments (not 
discussed in the present paper) at one time covered most or all of Idaho. 

The part of Idaho studied lies north of the Snake River Plain, south 
of the 45° 30’ parallel, and east of the North Fork of the Payette River. 
Except for a few scattered areas, mostly east of Yellow Pine, Valley 
County, Paleozoic strata are absent in this region west of the 115th 
meridian. Figure 1, which is generalized from a map embodying the 
results of recent surveys, together with data from published maps, shows 
the eastern border of the main Idaho batholith and the areas in which 
Paleozoic strata crop out. The Permian strata, which are almost entirely 
volcanic, are distinguished on the map from older Paleozoic strata, which 
are mainly marine. Minor igneous masses and all stratified rocks of 
other than Paleozoic age are omitted. The map also shows the location 
of each of the type localities of Paleozoic strata. The Paleozoic and 
other rocks in Bayhorse, Casto, Custer, Hailey, and Sawtooth quadrangles, 
whose positions are indicated,’ have been recently mapped, mostly by 
or under the direction of the writer. Descriptions of the Hailey quad- 
rangle? and part of the Sawtooth quadrangle have been published, and 
reports by the writer covering the other areas are in course of publica- 
tion by the United States Geological Survey. The areas farther east are 
known in a general way from the studies of Umpleby.* These have been 
in part re-studied by the writer and others. 

At various times the writer has had the able field assistance of A. L. 
Anderson, C. H. Behre, Jr., D. M. Davidson, R. R. LeClerg, W. D. Mark, 
W. H. Newhouse, 8. S. Philbrick, and V. E. Scheid. Thomas H. Hite, 
assistant geologist of the Idaho Bureau of Mines and Geology, and his 
assistants did much of the mapping in the southern part of the Bayhorse 
quadrangle. Edwin Kirk, of the United States Geological Survey, made 
a number of collections of Ordovician, Silurian, and Devonian fossils, 
and was of inestimable aid in the studies of the pre-Carboniferous stratig- 
raphy. He and George H. Girty, also of the United States Geological 
Survey, made most of the fossil determinations cited, and edited the 


1It will aid in following the descriptions if the U. S. G. S. topographic sheets for these 
quadrangles are consulted. 

2J. B. Umpleby, L. G. Westgate, and C. P. Ross: Geology and ore deposits of the Wood 
River region, Idaho, with a description of the Minnie Moore and nearby mines by D. F. 
Hewett, U. S. Geol. Survey, Bull. 814 (1930); C. P. Ross: Geology and ore deposits of 
the Little Smoky and Willow Creek mining districts, Custer and Camas counties, Idaho, 
Idaho Bur. Mines and Geol., Pamph. 88 (1930) p. 19-26. 

%J. B. Umpleby : Geology and ore deposits of Lemhi County, Idaho, U. S. Geol. Survey, 
Bull. 528 (1913); Geology and ore deposits of the Mackey region, Idaho, U. S. Geol. 
Survey, Prof. Pap. 97 (1917). 
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lists here given. Dr. Girty, especially, has made a number of revisions 
in lists of Carboniferous fossils taken from previous publications, in 
order to bring them up to date. 

The table (Fig. 2) presents in summary form the major features of 
the Paleozoic stratigraphy of south-central Idaho and of neighboring 
regions. In its compilation the stratigraphic charts for Idaho and Mon- 
tana, recently compiled by M. Grace Wilmarth, of the United States 
Geological Survey, have been freely utilized. Formation names here 
defined for the first time, and names in use in other regions but here 
applied to strata in south-central Idaho, are distinguished in the table 
by asterisks. As far as possible, similarities have been emphasized by 
the adoption of formation names previously standardized in neighboring 
regions. Correlations are based primarily on fossil content and sec- 
ondarily on lithology. The localities in which these formations have 
been previouly recognized are far from the region here described, and 
great expanses of younger rocks in the intervening areas prevent tracing 
the formations from one region into the other. The relations indicated 
in the table between the strata in the Philipsburg region and those in 
Idaho (especially Silurian and Cambrian formations) are correct only 
in a general way. 

In considering the Paleozoic stratigraphy of south-central Idaho it 
should be borne in mind that the structure of the region is complex. In 
general, the rocks are steeply tilted; in many places they are contorted 
and locally overturned. Normal faults are plentiful, and many have 
displacements of several thousand feet. In some places, notably in the 
Wood River region, there are closely spaced reverse faults. Paleozoic 
strata are extensively intruded by igneous rocks of at least two ages. 
Metamorphism resulting from these intrusions has locally changed the 
rocks almost beyond recognition. Large areas are covered by Tertiary lava, 
making it impossible to trace directly the connection between different 
masses of the older rocks. 


CHARACTER AND AGE OF PALEOZOIC FORMATIONS 


CAMBRIAN (?) SYSTEM 
Summary statement 


Garden Creek phyllite and overlying Bayhorse dolomite, both recog- 
nized only west of Challis, Custer County, and here defined for the first 
time, are the only formations in south-central Idaho now tentatively 
regarded as of Cambrian age. No Cambrian fossils are known, and some 
of the beds now supposed to belong to other systems may conceivably be 
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Cambrian, so that some revision is to be expected in the future. It is 
clear, however, that the thick and diversified marine Cambrian sequence 
in southeastern Idaho has no counterpart here. 


Garden Creek phyllite 


The Garden Creek phyllite has been recognized only along the inner 
gorges of Garden and Bayhorse creeks, in the northern part of the Bay- 
horse quadrangle. It is composed exclusively of a soft, easily weathered, 
dark-gray, nearly black phyllite, locally slightly calcareous, with abundant 
sericite on cleavage surfaces. Bedding is represented by thin crenulated 
bands, visible only on close inspection. At least several hundred feet 
of beds are present, but marked contortion and poor exposures prevent 
accurate measurement, and the base is nowhere exposed. 

Garden Creek phyllite is provisionally referred to the Cambrian, mainly 
because of its position at the base of the local section, well below the 
Ramshorn slate (Lower Ordovician). It resembles, and possibly may be 
equivalent to, schist of probable pre-Cambrian age in the Loon Creek dis- 
trict, but it is distinctly more argillaceous than most of the strata in the 
surrounding region, commonly regarded as belonging to the Belt series. 


Bayhorse dolomite 


The Bayhorse dolomite crops out at intervals along the crest and east 
flank of the anticline that extends diagonally across the northwestern 
part of the Bayhorse quadrangle. It is best exposed near the town of 
the same name. 

The greater part of the formation is thick-bedded dolomite. Most of 
the beds are light creamy gray when fresh, but they weather readily to 
a rusty buff. Many are crowded with nearly black, oval chert masses, 
commonly less than half a centimeter in maximum diameter. Excep- 
tionally, the dolomite is nearly black and is studded with slightly larger, 
white bodies, each consisting of a single crystalline grain of dolomite, 
commonly with a rim of fine-grained carbonate, at least in part calcite. 
Some calcite is also present in the dolomitic groundmass in many of the 
beds. Locally, beds of chert, quartzite, and conglomerate or breccia, and 
some lenses, especially near the top, are argillaceous. 

Bayhorse dolomite is of variable thickness because of erosion prior to 
the deposition of the overlying Ramshorn beds. The maximum thickness 
is fully 1000 feet. Because it underlies the Ramshorn slate (Lower Ordo- 
vician) and lithologically resembles early Paleozoic strata in neighboring 
regions rather than any known member of the Belt series, the Bayhorse 
dolomite is tentatively regarded as of Cambrian age. 


LXI—BULL. Gro. Soc. AM., Vou. 45, 1934 
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ORDOVICIAN SYSTEM 
Summary statement 


The Ordovician sequence is especially thick and complete in and near 
the Hailey and the Bayhorse quadrangles. In the Hailey quadrangle, 
the combined thickness of Phi Kappa and underlying beds is over 9400 
feet. In the Bayhorse quadrangle, strata of similar age are subdivided 
into Ramshorn slate, Kinnikinic quartzite, and Saturday Mountain for- 
mation, with a probable aggregate thickness of fully 8500 feet. 

In the Lost River and the Lemhi ranges only two Ordovician forma- 
tions were found. The lower one is an aggregate of dominantly quartzitic 
beds, without known fossils but believed to be approximately equivalent 
to the Kinnikinic quartzite. Above this are dolomitic beds which in 
several places have yielded Upper Ordovician (Fish Haven) fossils. These 
are approximately equivalent to the Saturday Mountain formation of the 
Bayhorse region. The two Ordovician formations in the Lost River and 
the Lemhi ranges vary in details of lithology and in thickness. They 
have been studied in only a few places, but the data available indicate 
that their maximum combined thickness is probably less than 4000 feet. 
In the Beaverhead Mountains the Ordovician appears to be even more 
scantily represented, and in nearby Montana, beds of this age are unknown. 

Detached masses of supposed Paleozoic rocks of pre-Permian age, near 
Loon Creek, Yellow Pine, and Edwardsburg, have, for the most part, 
greater lithologic similarity to the Ordovician formations farther east 
than to any others in the region. 


Phi Kappa formation 


Distribution and character—The Phi Kappa formation * includes all 
the Ordovician strata in the Hailey quadrangle except certain older argil- 
laceous beds that have been recognized only in a single exposure within 
that quadrangle, and have not received a formation name. The formation 
is named for exposures along Phi Kappa Creek (No. 8 on map), which 
enters the Big Lost River from the south, three and a half miles down 
the valley from the divide. It extends twelve miles southeastward along 
the crest of the Pioneer Range, from the North Fork of Big Lost River. 
The average width of the belt is two to three miles. In most places the 
formation is separated from other Paleozoic rocks by thrust and normal 
faults, and is itself cut by numerous faults, forming a complex structural 
mosaic. It has been locally metamorphosed by igneous intrusions. 


«J. B. Umpleby, L. G. Westgate, and C. P. Ross: Geology and ore deposits of the Wood 
River region, Idaho, U. S. Geol. Survey, Bull. 814 (1930) p. 17-23. 
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The Phi Kappa formation may be divided for convenience of descrip- 
tion into an upper and a lower portion. An attempt to map them sepa- 
rately proved impracticable. The lower portion of the Phi Kappa is at 
least 4750 feet thick, and consists of medium and fine-grained quartzitic 
sandstone and flinty argillite, commonly black, which weathers to rusty 
slabs. The upper portion, at least 4600 feet thick, comprises a series of 
dark shales with interbedded yellow shaly sandstone. Flinty layers are 
common in the shale. Representative measured sections of both portions 
and descriptions of the different kinds of rocks in each are given in the 
report on the Wood River region.® 


Age.—The older argillaceous beds, separated at one locality from the 
Phi Kappa formation as mapped in the Hailey quadrangle, contain the 
following fossils, according to Edwin Kirk, who determined their age as 
Deep Kill (Beekmantown). 


Didymograptus bifidus Hall. 
Didymograptus caduceus (Salter) 
Ruedemann. 
Didymograptus extensus Hall. 
Didymograptus gracilis Tornquist. 
Didymograptus nanus Lapworth. 
Didymograptus nitidus Hall. 
Didymograptus similis Hall. 
Tetragraptus amii Ellis and Wood. 
Tetragraptus serra Brongniart. 
Tetragraptus similis Hall. 
Tetragraptus quadribrachiatus Hall. 


Tetragraptus woodi Ruedemann. 
Phyllograptus ilicifolius Hall. 
Phyllograptus typus Hall. 
Dichograptus octobrachiatus (Hall). 
Goniograptus perflexilis Ruedemann. 
Goniograptus thureau (McCoy) var. 
Schizograptus sp. 

Bryograptus sp. 

Dendrograptus sp. 

Lingula sp. 

Caryocaris sp. 

Sponge spicules. 


With the exception of a fauna collected from the uppermost 25 feet 
of the formation, and unknown elsewhere in North America, all the 
graptolite faunas found in the Phi Kappa formation proper are, accord- 
ing to Kirk, referable to the lower Normanskill (Chazy, high lower 
Ordovician). In the lower half of the formation the graptolites are rare 
and, as a rule, poorly preserved. The following list of fossils, identified 
by Kirk as lower Normanskill, is a composite fauna representing several 
small collections obtained at different horizons: 


Diplograptus (Orthograptus) calcaratus Lapworth var. 
Diplograptus (Glyptograptus) teretiusculus (Hisinger). 

Diplograptus (Glyptograptus) teretiusculus var. euglyphus Lapworth. 
Diplograptus (Amplexograptus) cf. D. coelatus (Lapworth). 
Dicellograptus gurleyi Lapworth. 
Dicellograptus sextans Hall. 


5 Op. cit., p. 19-22. 
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Climacograptus bicornis (Hall). 
Glossograptus ciliatus Emmons. 
Dicranograptus cf. D. rectus Hopkinson. 


As represented by the collections, essentially the same graptolite fauna 
extends throughout the upper 4600 feet of the Phi Kappa formation, 
with the exception of the fauna at the extreme top, as noted above. In 
the 400 feet of shale, 1680 feet above the base of the first section described, 
a rich graptolite fauna was found. This fauna included all the species 
found elsewhere in the upper portion of the formation except that at the 
top. The following species were determined from this horizon by Kirk: 


Diplograptus (Orthograptus) calcaratus Lapworth. 
Nemagraptus sp. 

Odontocaulis sp. 

Corynoides gracilis Hopkinson var. 

Cryptograptus tricornis (Carruthers). 

Dicellograptus gurleyi Lapworth. 

Dicellograptus sextans cf. var. exilis Elles and Wood. 
Dicellograptus cf. D. elegans Carruthers. 

Lasiograptus bimucronatus (Hall). 

Lasiograptus (Thysanograptus) cf. L. harknessi var. costatus Lapworth. 
Glossograptus ciliatus Emmons var. 

Climacograptus bicornis Hall. 

Climacograptus bicornis var. peltifer Lapworth. 
Climacograptus cf. C. scharenbergi Lapworth. 
Dicramograptus contortus Ruedemann. 

Dicranograptus nicholsoni Hopkinson var. 
Dicranograptus ziczac Lapworth var. 

Dicranograptus spirifer Lapworth. 

Dicranograptus ramosus cf. var. longicaulis Lapworth. 
Leptobolus sp. 


The highest fauna found in the Phi Kappa formation is probably of 
Upper Ordovician age, according to Kirk, who determined the following 
species from about 25 feet of black shale immediately underlying the 
Silurian on the west bank of Trail Creek: 


Diplograptus (Orthograptus) calcaratus Lapworth var. 
Diplograptus (Orthograptus) truncatus var. socialis Lapworth. 
Diplograptus truncatus var. abbreviatus Elles and Wood. 
Diplograptus var. intermedius Elles and Wood. 

Diplograptus (Glyptograptus) cf. D. crassitestus Ruedemann. 
Diplograptus (Glyptograptus) type of D. teretiusculus Hisinger. 
Diplograptus carnei T. S. Hall. 

Mesograptus multidens var. compactus Lapworth. 

Mesograptus sp. 

Climacograptus hastatus T. S. Hall. 
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Climacograptus cf. C. medius Tornquist. 

Climacograptus scalaris var. miserabilis Elles and Wood. 
Retiolites (Plegmatograptus) caudatus T. S. Hall. 
Retiograptus type of R. geinitzianus Hall. 
Dicellograptus elegans Carruthers. 

Dicellograptus cf. D. pumilus Lapworth. 

Dicellograptus cf. D. affinis T. 8. Hall. 


Ramshorn slate 


Distribution —All the Ordovician argillaceous rocks below the Kin- 
nikinic quartzite in the Bayhorse region are here grouped as the Ramshorn 
slate. The formation constitutes the country rock of the well-known 
Ramshorn mine, for which it is here named. It extends in a band, two 
to five miles wide, from Mill Creek, on the northern border of the Bay- 
horse quadrangle, southward past Clayton, a distance of about twenty 
miles. Smaller isolated outcrops emerge at intervals through the cover 
of Challis volcanics, all the way to the southern boundary of the Bayhorse 
quadrangle. 


Character—The main mass of the formation is composed almost ex- 
clusively of a thin-banded argillaceous rock, with well-developed slaty 
cleavage cutting the banding at high angles. Locally, conglomerate occurs 
at the base of the formation, and some of the beds are more quartzitic 
or more calcareous than the average. In the isolated exposures in the 
southern part of the Bayhorse quadrangle the proportion of quartzitic 
and carbonaceous material is somewhat greater, and the slaty cleavage 
less perfectly developed. For purposes of description the formation 
may be divided into (1) the basal conglomerate, (2) the slate, and (3) 
the argillite and quartzite in the more southerly outcrops. 

The basal conglomerate is exposed only in the northern part of the 
Bayhorse quadrangle in the vicinity of Daugherty and Garden creeks 
and in a small area on upper Rattlesnake Creek. In several places, small 
lenses of slate and of slaty quartzite are interbedded with, and underlie, 
the conglomerate. Most of the conglomerate is composed almost exclu- 
sively of fairly well-rounded three-inch pebbles of vein quartz and quarzite 
in a siliceous matrix. Some of the beds are reticulated with quartz veins. 
The maximum observed thickness of the conglomeratic beds is a little 
more than 500 feet. 

The slate is dark-green to purplish, commonly conspicuously banded, 
with local phases whose color depends on proportions of calcite and 
carbon. The colors fade on exposure, and gray tones predominate in 
many outcrops. Locally, lenses of limestone and quartzite are inter- 
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calated in the slate. Near the small grandodiorite mass on Juliette Creek 
the slate has been largely replaced by the chiastolite variety of andalusite 
(Al,0,Si0,). The thickness of the slate in the main mass in the north- 
western part of the Bayhorse quadrangle is estimated to be over 2000 feet. 

Isolated outcrops farther south are gray to black, weathering brownish, 
but some have the purplish cast characteristic of those farther north. 
Most exposures show the thin banding so common farther north. Some 
of the beds, especially along lower Pine Creek and near Jimmy Smith 
Lake, are distinctly carbonaceous. These are soft and crumpled, and, 
unlike almost all other members of the formation, tend to part along 
the bedding, a fact which has facilitated the discovery of fossils. Many 
of the beds are partially quartzitic, and a few contain some calcareous 
material. Most exposures of the stratigraphically higher beds in the 
southern part of the Bayhorse quadrangle include a relatively large pro- 
portion of quartzite. Some lenses in the area south of Potaman Peak 
closely resemble the Kinnikinic quartzite, and may record a merging of 
the two formations. Locally, both here and on East Pass Creek, near 
the southern border of the Bayhorse quadrangle, the more quartzitic 
beds have been finely brecciated. 


Age.—Fossils are found in the Ramshorn slate only in the southern part 
of the Bayhorse quadrangle, where it is carbonaceous and parts parallel to 
the bedding. They are definitely of Lower Ordovician age (lower Deep 
Kill), corresponding essentially to that of the isolated exposure of beds 
below the Phi Kappa formation along upper Trail Creek, in the Hailey 
quadrangle, from which a diversified fauna of this age has been deter- 
mined by Kirk. (See p. 943.) Unfortunately, the more extensive and 
thicker masses of the Ramshorn slate in the northern part of the Bay- 
horse quadrangle have yielded no fossils. These strata, however, are 
clearly much older than the fossiliferous Upper Ordovician Saturday 
Mountain formation above them, because they are separated from it by 
the thick Kinnikinic quartzite. On the basis of these facts and the close 
lithologie resemblances throughout the formation, all the strata here 
grouped in the Ramshorn slate are confidently regarded as of Lower 
Ordovician age, although not necessarily quite as old throughout as the 
beds that have yielded Deep Kill fossils. 

In fossil collections from exposures of this formation in the south- 
western part of the Bayhorse quadrangle Kirk found Caryocaris sp., 
Goniograptus sp., graptolite fragments doubtfully referable to Didymo- 
graptus, and sponge spicules. These forms are regarded by him as 
indicative of lower Deep Kill (Beekmantown) age. One collection from 
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the west slope of East Pass Creek was reported by him to contain a few 
fragments of graptolites, probably referable to Monograptus and of pos- 
sible Silurian age. Although representatives of the Trail Creek forma- 
tion (Silurian) may be present, the lithology and field relations of the 
beds which yielded the supposed Monograptus tend to ally this exposure 
with the Ramshorn slate. 


Kinnikinic quartzite 


Distribution —This formation takes its name from Kinnikinic Creek, 
which enters the Salmon River at Clayton, in the western part of the 
Bayhorse quadrangle. It is here definitely applied only to the strata 
exposed at intervals from the vicinity of Kinnikinic Creek northeastward 
to Round Valley (near Challis) and the area on both sides of that valley. 
The Ordovician strata along Morgan Creek and at the north end of the 
Lost River Range, south of Ellis, are closely similar to, and doubtless 
are to be correlated with, the Kinnikinic quartzite. No strata lithologic- 
ally similar to the Kinnikinic exist in the Hailey quadrangle, with the 
possible exception of parts of the quartzite members of the two supposed 
pre-Cambrian formations. 

For reasons discussed below, it is thought that the more or less similar 
quartzite and related rocks that immediately underlie Upper Ordovician 
strata in numerous places in the Lost River, the Lemhi, and the Beaver- 
head mountains are essentially equivalent to the Kinnikinic quartzite. 
So little geological mapping has been done in these ranges that the dis- 
tribution of strata is imperfectly known, and the correlation of some 
exposures is in doubt. Such strata are conspicuous in the Lost River 
Range, near the mouth of Elbow Canyon, southeast of Mackay. They 
are also exposed near Arco, Butte County, and doubtless occur in parts 
of the range not yet studied. 

Umpleby ® states that quartzite, now regarded as Ordovician, crops 
out along the crest and east slope of the Lemhi Range, southward from 
the vicinity of McDevitt Creek. The higher peaks of this part of the 
range, those which rise as high as 10,800 feet above sea level, are carved 
out of this formation. Quartzite beds with similar relations are also 
widespread along the west side of the Lemhi Range, although they have 
been mapped only in the vicinity of the Wilbert mine. North of the 
Lemhi Valley the quartzite continues, crossing the Beaverhead Mountains 


6 J. B. Umpleby : Geology and ore deposits of Lemhi County, Idaho, U. S. Geol. Survey, 
Bull. 528 (1913) p. 32-33. 
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a little south of Lemhi Pass. Shenon’ notes that quartzite, presumably 
to be correlated with this formation, is abundant in the vicinity of Nicholia, 
in the Beaverhead Mountains. 

In addition, along the east border of the Idaho batholith, there are 
small, generally detached, masses of stratified rocks whose lithologic 
character would suggest early Paleozoic age. These include quartzite 
that resembles, and may well be essentially equivalent to, the Kinnikinic. 
The principal exposures are east of Edwardsburg and Yellow Pine, 
Valley County, and, with the exception of the Casto volcanics near 
Edwardsburg, comprise the most westerly outcrops of supposed Paleozoic 
rocks in the part of Idaho shown on Figure 1. 


Character.—In the Bayhorse quadrangle most of the Kinnikinic quartz- 
ite is a well-bedded, nearly pure quartzite in which shaly partings and 
subordinate amounts of shaly beds are common. Most of the latter are 
partially calcareous. The prevalent color of the fresh quartzite is nearly 
white, but in most exposures some or all of the beds have a distinctive 
lavender cast that is useful in recognizing isolated outcrops of the forma- 
tion. Many exposures are stained brick-red, largely through the weather- 
ing of flakes of specularite, which are sparsely disseminated through the 
quartzite. 

In several places in the Bayhorse quadrangle, mainly in the vicinity 
of Clayton, the formation contains irregularly lenticular aggregates, con- 
sisting of impure magnesian limestone and argillaceous beds. Conglom- 
erate was noted in the formation in this region only in the vicinity of 
Little Bayhorse Creek. 

The conspicuous contortion of the bedding nearly everywhere in the 
Bayhorse quadrangle and the absence of known horizon markers within 
the formation have prevented accurate determination of the thickness 
of the Kinnikinic quartzite. In several localities it evidently exceeds 
3000 feet, and the average may be assumed at about 3500 feet, or a little 
more. 

Ordovician rocks have been studied in the Lost River Range only in 
and near Elbow Canyon, southeast of Mackay, Custer County, and in 
the small portion of the range within and adjoining the Bayhorse quad- 
rangle. The exceptionally complete section of Paleozoic strata in Elbow 
Canyon (Fig. 1, No. 12), originally described by Umpleby,* has been re- 
examined by Kirk and the writer, assisted by 8. 8. Philbrick who furnished 

*P. J. Shenon: Geology and ore deposits of the Birch Creek district, Idaho, Idaho Bur, 
Mines and Geol., Pamph. 27 (1928) p. 5-6. 


* J. B. Umpleby: Geology and ore deposits of the Mackay region, Idaho, U. 8. Geol. 
Survey, Prof. Pap. 97 (1917) p. 24-25. 
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plane-table control. Descriptions of Ordovician and later Paleozoic rocks 
from this locality, given in the present paper, embody the results of this 
re-examination and, largely because of the more accurate method of meas- 
urement employed, differ materially, especially in the thickness of the 
various units, from Umpleby’s original description. 

Near the mouth of the canyon a considerable quantity of highly con- 
torted unfossiliferous quartzite lies immediately below fossiliferous Upper 
Ordovician dolomite. Only about 300 feet is directly measurable in Elbow 
Canyon, and Umpleby’s estimate of a thickness of 1600 feet is high. 
Umpleby notes that about 800 feet of similar beds are exposed near Arco. 
It is estimated that the thickness of such beds in this part of Lost River 
Range is 1000 feet or more. The quartzite is nearly white, locally pinkish 
or lavender, and forms distinct beds, a foot and more thick. The rock 
has a uniform texture and a somewhat vitreous luster. Here and there 
are intercalated beds of dolomitic quartzite. The stratigraphic position 
of the quartzitic beds and their close lithologic resemblance to the Kin- 
nikinic quartzite of the Bayhorse quadrangle indicate essential equiva- 
lence. 

The only place on the west flank of the Lemhi Range where strata like 
the Kinnikinic quartzite have been examined in any detail is in the 
vicinity of the Wilbert mine,® in and near T. 7 N., R. 29 E. Here, the 
beds below the Upper Ordovician dolomite are variable, as is shown by 
the table below. Although the subdivisions at this place are well defined, 
it may be that this constancy is not extensive. 


Section of Ordovician quartzite beds at Wilbert mine, Butte County 
Feet 
Upper white quartzite. Dominantly white, pure, cross-bedded quartzite 
with locally rusty and purplish 10004 
Quartzitic dolomite. Fine, dense rock, light pinkish buff to white on 
fresh surfaces, locally with reddish mottlings. Weathered exposures 
are rusty and show small-scale cross-bedding. Contains variable 
amounts of carbonate, mainly ferruginous dolomite................ 835 
Lower white quartzite. Lithologically resembles upper white quartzite 65 
Purple quartzite. Cross-bedded, dark quartzite with distinct purplish 
or maroon tint. Local shale beds near the top...........eeceeeeees 400 
Shale. Greenish, somewhat schistose rock in which the original argil- 
laceous matter has been largely converted to sericite and chlorite... 165 
Pebble quartzite. Somewhat cross-bedded, generally nearly white 
quartzite which in most beds contains numerous small pebbles, as 
much as half an inch in diameter. Some purplish beds............ 200- 


°C, P. Ross: The Dome mining district, Butte County, Idaho, Idaho Bur. Mines and 
Geol., Pamph. 89 (1984) p. 3-5. 
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At the northwest end of the 1450-foot level of the new Wilbert work- 
ings, associated with the quartzitic dolomite, is a small amount of greenish 
rock, probably a water-sorted tuff. Dolomitic rocks in the upper workings 
locally contain some feldspar, epidote, and chlorite. 

Umpleby *° studied the quartzite east of the crest of the Lemhi Range 
only in the vicinity of Meadow Lake. Here, it is a clear-white, fine- 
grained, exceptionally pure quartzite, more than 2000 feet thick. Indi- 
vidual grains cannot be distinguished with the unaided eye, and fresh 
surfaces have a rather opalescent appearance. 

In the vicinity of Nicholia in the southern Beaverhead Mountains 
nearly 600 feet of quartzite is visible, but the base is not exposed. Of 
this, the lower 400 feet is mainly well-bedded, maroon and pink. These 
beds grade upward into massive, white, vitreous quartzite, which is sandy 
in the upper 75 feet. Some doubt is cast on the correlation of these 
particular quartzite beds by the fact that a limestone stratigraphically 
above, but apparently closely related to, the white quartzite contains 
Upper Devonian fossils. Because the exact relations between this fos- 
siliferous bed and the quartzite are unknown, and because the quartzite 
more closely resembles the quartzite in the vicinity of the Wilbert mine 
than any other in the surrounding region, Shenon * tentatively correlated 
them. He found conglomerate boulders which led him to suppose that 
pebble quartzite like that in the vicinity of the Wilbert may also be present 
near Nicholia. 


Age and correlation—In the Bayhorse quadrangle the Kinnikinic 
quartzite contains fucoid markings and small calcareous alge, but no- 
where have other fossils been recognized in the formation. These organic 
remains suggest an early Paleozoic age. Because in the Bayhorse quad- 
rangle the Kinnikinic lies below the Saturday Mountain formation (Upper 
Ordovician) and above the Ramshorn slate (Lower Ordovician), it is 
doubtless of Middle Ordovician age. Although they differ lithologically, 
the Kinnikinic beds of this quadrangle must be, in a general way, equiv- 
alent in age to part of the Phi Kappa formation of the Hailey quadrangle, 
immediately to the south. 

The quartzitic beds in the Lost River Range and farther east are known 
to underlie fossiliferous Upper Ordovician dolomite much like that in 
the Bayhorse quadrangle, but the Ramshorn slate has not been recog- 


2» J. B. Umpleby: Geology and ore deposits of Lemhi County, Idaho, U. 8. Geol. Sur- 
vey, Bull. 528 (1913) p. 82-33. 

up, J. Shenon: Geology and ore deposits of the Birch Creek district, Idaho, Idaho 
Bur. Mines and Geol., Pamph. 27 (1928) p. 6. 
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nized in this part of the region. Underlying beds have been assigned 
to the Belt series. Umpleby ’* first encountered the quartzitic beds under 
discussion on the east side of the Lemhi Range, and tentatively regarded 
them as of Cambrian age. After he extended his work westward to the 
vicinity of Mackay, he concluded that the quartzitic beds originally called 
Cambrian in the eastern Lemhi Range, as well as those in Elbow Canyon 
and near Arco, are more probably Ordovician. This change in correla- 
tion ** was based, in part, on the fact that the only Cambrian quartzite 
in other regions with which these beds might be correlated is so low in 
the Cambrian as to make correlation improbable, the quartzite in east- 
central Idaho being immediately below Upper Ordovician beds. Another, 
and possibly more compelling, reason was that, in the interval between 
Umpleby’s two papers, Richardson * had reported the presence of fossils, 
tentatively regarded as of Chazy age, in the Swan Peak quartzite in the 
Bear River Range, Utah. Umpleby regarded correlation of the beds of 
Meadow Lake and Elbow Canyon with the Swan Peak quartzite as more 
probable than with any Cambrian formation. However, he retained the 
belief that Cambrian quartzite exists in the region, particularly on the 
western slopes of the Lemhi Range near the Wilbert mine, Butte County. 
Later studies ** have shown that the quartzite at that locality has essen- 
tially the same stratigraphic relations as the Ordovician quartzite of Elbow 
Canyon and elsewhere. Hence, it is probable that all the quartzite in this 
part of Idaho, which stratigraphically is immediately below the Upper 
Ordovician dolomite, is of Ordovician, rather than Cambrian, age and 
is more or less closely equivalent to the Kinnikinic quartzite of the 
Bayhorse quadrangle. 

Kirkham,’* who follows Umpleby in accepting the supposed Cambrian 
age of certain quartzites, thinks that because of lithologic similarity some 
of the quartzite which Umpleby mapped as pre-Cambrian is probably 
Cambrian. Kirkham maps as Cambrian(?) the Donkey Hills and a strip 
along the west side of the Lemhi Range southward from a point near 40°20’ 
latitude almost to Berenice, including the quartzitic beds at the Wilbert 


2 J. B. Umpleby: The geology and ore deposits of Lemhi County, Idaho, U. S. Geol. 
Survey, Bull. 528 (1913) p. 33. 

13 J. B. Umpleby: Geology and ore deposits of the Mackay region, Idaho, U. S. Geol. 
Survey, Prof. Pap. 97 (1917) p. 25. 

4G. B. Richardson: The Paleozoic section in northern Utah, Am. Jour. Sci., 4th ser., 
vol. 86 (1913) p. 409. 

%C, P. Ross: The Dome mining district, Butte County, Idaho, Idaho Bur. Mines and 
Geol., Pamph. 39 (1934) p. 3. 

1% VY. R. D. Kirkham: A geologic reconnaissance of Clark and Jefferson and parts of 
Butte, Custer, Fremont, Lemhi, and Madison counties, Idaho, Idaho Bur. Mines and Geol. 
Pamph. 19 (1927) p. 16-18. 
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mine. The northern half of this strip was regarded as pre-Cambrian by 
Umpleby. No geological work has been done in this northern locality 
since Kirkham’s reconnaissance. If Kirkham’s tentative correlation be- 
tween what he terms Cambrian(?) and some of the strata regarded as 
pre-Cambrian by Umpleby should prove to be correct, the area of exposure 
of beds approximately equivalent to the Kinnikinic would be increased 
to this extent. 


Saturday Mountain formation 


Distribution—The Saturday Mountain formation is here named for 
a ridge that lies west of lower Squaw Creek, near the middle of the western 
boundary of the Bayhorse quadrangle. The formation has been mapped 
only in the general vicinity of Squaw Creek and in a narrow band in the 
north-central part of T. 12 N., R. 19 E., farther east in the Bayhorse 
quadrangle. 

Beds, lithologically more or less similar and containing fossils of about 
the same age, are, however, widespread in the Lost River and the Lemhi 
ranges, and may extend into the Beaverhead Mountains also, although 
not yet recognized there. 


Character.—In the vicinity of Squaw Creek in the Bayhorse quadrangle 
the formation is composed dominantly of more or less shaly dolomite and 
magnesian limestone, most of which is black on a fresh fracture. Asa rule, 
the rock is surficially bleached to a dirty buff and is locally stained brown. 
The argillaceous beds are, in part, banded and tend to break in thin slabs 
parallel to the bedding. In some of them there are rounded pebbles of 
quartz and quartzite about 0.1 millimeter in diameter, but in most beds 
the component quartz grains are only about 0.02 millimeters in diameter. 
In a few places, especially in the Red Bird mine, ripple marks are well 
preserved on the surfaces of shaly beds. In and near this mine, also, there 
are local lenses as highly carbonaceous as much of the overlying Milligen 
formation. One lens proved, on approximate analysis by Charles Milton, 
of the United States Geological Survey, to contain 21 percent of graphite. 
Along the road on the east side of lower Squaw Creek the talus slopes 
are composed of thin fragments of paper shale. In general, the Saturday 
Mountain beds in this vicinity are distinguished from the overlying Milli- 
gen formation by a lower average content of carbon and by a sufficiently 
greater proportion of calcareous beds to make them, as a whole, decidedly 
more massive. Also, the carbonate in the calcareous Milligen beds is 
mainly calcite instead of dolomite, as is the case in much of the Saturday 
Mountain formation. In T. 12 N., R. 19 E., the more argillaceous beds 


: 
3 


ORDOVICIAN SYSTEM 953 


are absent, and the formation is composed of rather thin-bedded rusty 
dolomitic limestone, lighter colored than much of the rock along Squaw 
Creek, in part because its more exposed position has permitted deeper 
weathering. The strata are distinguished from the Laketown dolomite, 
which here overlies them, by a more rusty appearance and a greater 
tendency to weather into slabs. 

The band of Saturday Mountain strata in T. 12 N., R. 19 E., can be 
little more than 300 feet in maximum thickness. In the western part of 
the Bayhorse quadrangle, however, a much greater thickness is present. 
The main haulage tunnel of the Red Bird mine traverses 1060 feet of beds 
estimated to represent not more than a third of the whole formation in this 
locality. From this, and the general relations as mapped, the formation 
is estimated to have a thickness of roughly 3000 feet. 

In Elbow Canyon, near Mackay, the Ordovician quartzite referred to 
on page 949 is overlain by steeply inclined and locally contorted dolomite 
beds, of which the lower beds, aggregating a little over 400 feet, are nearly 
black, and the upper ones, aggregating about 200 feet, are much lighter. 
As noted on page 955, both these members are of Upper Ordovician age. 

A thick sequence of dolomite beds overlies the quartzitic beds near the 
Wilbert mine, and stretches over a large part of this flank of the Lemhi 
Range. A fossil collection obtained by the writer and S. S. Philbrick in 
North Creek, about one and a half miles above the Wilbert mine, proved, 
when examined by Edwin Kirk (p. 955), that the dolomite here is similar 
in age to the Upper Ordovician dolomite of Elbow Canyon, in the Lost 
River Range, thus establishing essential equivalence of the Ordovician 
sections in the two localities. 

Umpleby describes similar dolomite which crops out along the east 
margin of the Lemhi Range. It has not been recognized in the Beaver- 
head Mountains. As exposed in the cliff east of Meadow Lake, two miles 
west of Gilmore, the formation is about 500 feet thick and is made up 
of massive beds, separated by poorly defined partings. Fossils are scat- 
tered throughout but are especially abundant near the base and the top. 


Age.—Cook and Ehlers ** found poorly preserved specimens of a coral 
in the strata along Squaw Creek, here designated the Saturday Mountain 
formation, which they said “suggests very much that the late Richmond 
species Columnaria (Palaeophyllum) stokesi (Edwards and Haime).” 
They found this coral in a dark-gray, finely crystalline dolomite near 
the Red Bird mine, on the east side of Squaw Creek, and also at the 


17C, W. Cook and G. M. Ehlers: A possible occurrence of the Richmond formation in 
the vicinity of Clayton, Idaho, Mich. Acad. Sci. Papers, vol. 7 (1927) p. 51-53. 
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Saturday Mountain mine, on the west side of Squaw Creek near its mouth. 
Their tentative age assignment is confirmed by the data summarized 
below. 

Fossils were collected in the course of the present study from dolomitic 
beds at various points within the formation and also from a carbonaceous 
shale, probably near the middle of the formation, near the mouth of 
Bruno Creek. The graptolites from the shale were determined by Rudolf 
Ruedemann, and the other fossils by Edwin Kirk. In the lists below 
the serial numbers are those of the permanent collection of the United 
States National Museum: 


2610. Dolomite near base of Saturday Mountain formation on the south side 
of the Salmon River just below Sullivan Hot Springs. Collected August 5, 1930, 
by E. Kirk and C. P. Ross. 

Streptelasma sp. 

Zygospira recurvirostris Hall 

Dalmanella sp. 

Rhynchotrema cf. R. argenturbica (White) 
Dinorthis cf. D. subquadrata (Hall) 

2506, 2238. Dolomitic argillite on crest of ridge north of Bruno Creek over- 
looking the Red Bird mine. In the upper part of the Saturday Mountain 
formation. Collected in 1928 by W. D. Mark and in 1930 by C. P. Ross. 

Rhynchotrema sp. 
Pleurotomaria? sp. 
2240. One mile west of mouth of Bruno Creek. Collected by W. D. Mark, 
June 29, 1928. 
Crinoid columnals. 
2241. Near 2240 and collected at same time by W. D. Mark. 
Sowerbyella sp. 
Rhynchotrema sp. 

2243. Half a mile up Bruno Creek on north side of road. Collected June 29, 
1928, by W. D. Mark. 

Streptolasma sp. 
Sowerbyella sp. 
Rhynchotrema sp. 
Zygospira sp. 

2244. Half a mile west of mouth of Bruno Creek. Collected June 29, 1928, 

by W. D. Mark. 
Streptelasma sp. 
2245. Saturday Mountain. Collected June 27, 1928, by W. D. Mark. 
Palaeophyllum sp. 

2519. Mouth of Bruno Creek, north side. Collected August 5, 1930, by C. P. 
Ross and E. Kirk. 

Glossograptus quadrimucronatus var. spinigerus Lapworth. 
Climacograptus antiquus Lapworth. 
Climacograptus antiquus var. lineatus Elles and Wood. 
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Dicellograptus gurleyi Lapworth. 
Dicranograptus spirifer Lapworth. 
Dicranograptus n. sp. 
Diplograptus acutus Lapworth. 


Kirk states that the fossils listed above, with the exception of the last 
lot, represent a fauna of Upper Ordovician age which is widespread in 
the surrounding region. The horizon is equivalent to the Fish Haven 
of Utah and southeastern Idaho and the upper portion of the Bighorn 
of Wyoming. The graptolites in shale of lot 2519 are derived Normanskill 
types and by themselves would be determined as of earlier age than that 
shown by the fauna in the dolomitic beds with which the graptolite shale 
is interbedded. As the age of graptolite faunas can seldom be checked 
by means of other faunas, the present case is of great interest. 

In the two dolomite units in Elbow Canyon, fossils are abundant but 
somewhat fragmentary. They include Halysites gracilis, Streptelasma 
sp., Demarthis subquadrata (Hall) var., Hormotoma sp., and Maclurina 
sp. On the basis of the collections made by Umpleby and Girty and his 
own field examination of the rocks, Edwin Kirk regards them as equiva- 
lent in age to a part, at least, of the Fish Haven dolomite (Richmond) 
of southeastern Idaho and Utah. 

The dolomite near the Wilbert mine has yielded the following forms 
having Fish Haven affinities (determined by Edwin Kirk) : Dalmanella 
ef. D. corpulenta Sanderson, Dinorthis subquadrata Hall, Rhynchotrema 
capax Conrad, and Streptelasma sp. Kirk, who examined the fossils 
obtained by Umpleby from close to Meadow Lake, on the east flank of 
the Lemhi Range, close to Gilmore, has kindly prepared the following 
lists, slightly modified from those furnished by him for Umpleby’s re- 
port.*® These fossils also are indicative of correlation with a part, at 
least, of the Fish Haven: 


From bottom of 500-foot massive blue limestone outcropping in the east side 
of Meadow Lake cirque, two miles west of Gilmore. 


Crepipora sp. Halysites gracilis (Hall) 
Stromatoporoid (indeterminable) Rhynchotrema (probably R. capazr) 
Streptelasma rusticum (Billings) Rhynchotrema anticostiense (Billings) 
?Calapoecia cribriformis (Nicholson) Poorly preserved gastropod 

Heliolites sp. (indeterminable) 

Columnaria alveolata Goldfuss Endoceras sp. 


From the upper part of the same massive blue limestone: 


Columnaria alveolata? Goldfuss (poor) Halysites gracilis (Hall) 
Stromatoporoid (indeterminable) Diphyphyllum sp. 


18 J. B. Umpleby: Geology and ore deposits of Lemhi County, Idaho, U. S. Geol. Sur- 
vey, Bull. 528 (1913) p. 33. 
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It is expected that when more complete information is available regard- 
ing the Ordovician rocks of the Lost River and the Lemhi ranges, the 
dolomitic beds of Fish Haven affinities, above described, as well as similar 
beds in parts of these and neighboring ranges not yet studied, will be 
found to be essentially equivalent to the Saturday Mountain formation 
of the Bayhorse quadrangle. It may eventually prove desirable to drop 
the name, Saturday Mountain formation, and refer all these beds to the 
Fish Haven dolomite. The Saturday Mountain formation at its type 
locality is, however, so much thicker and contains so much more shale 
that it has seemed best, in the present state of knowledge, to assign a local 
name to it. 

SILURIAN SYSTEM 
Trail Creek formation 

Distribution and character.—Silurian strata occur in several localities 
in the eastern part of south-central Idaho but, except in the central part 
of the Bayhorse quadrangle, nowhere appear to be either thick or exten- 
sive. They are mainly dolomitic, but in the Wood River and Bayhorse 
regions they include argillite and sandstone of the Trail Creek formation, 
which has been recognized only in a strip west of the upper course of Trail 
Creek, a tributary that joins the Big Wood River at Ketchum, and in 
a small exposure surrounded by Challis volcanics in Malm Gulch, in 
sec. 28, T. 12 N., R. 19 E. 

The best-known exposure of the Trail Creek formation is on the west 
bank of Trail Creek about a mile south of the place where the creek swings 
abruptly to the west.'® Here, there is about 500 feet of siliceous argillite 
and quartzitic sandstone. The contact with the underlying Phi Kappa 
formation is clearly shown. In Malm Gulch, in the central part of the 
Bayhorse quadrangle, the beds assigned to the Trail Creek formation are 
mainly brownish-gray calcareous argillite that breaks in thin slabs parallel 
to the bedding. It consists essentially of calcite, quartz, and plagioclase, 
with subordinate amounts of organic matter, muscovite, and apatite, and 
small chert lenses. On the northeast side of Malm Gulch nearly white 
quartzite, resembling that which is elsewhere interbedded with the Lake- 
town dolomite, overlies the argillite. 

Age.—lIn the basal sixty feet of the formation on Trail Creek the 


quartzitic sandstone layers are separated by thin seams of carbonaceous 
argillite, in which was found an abundant graptolite fauna. The follow- 


2” J. B. Umpleby, L. G. Westgate, and C. P. Ross: Geology and ore deposits of the Wood 
River region, Idaho, U. S. Geol. Survey, Bull. 814 (1930) p. 23-24. 
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ing list, as determined by Kirk, gives the more characteristic graptolites 
of the formation : 


Monograptus priodon Bronn Monograptus cf. M. acus Lapworth 

Monograptus fleming Salter var. Monograptus type of M. scanicus 

Monograptus vulgaris Wood var. Tullberg 

Monograptus cf. M. turriculatus Monograptus cf. M. marri Perner 
(Barrande) Monograptus cf. M. convolutus Hisinger 


Monograptus cf. M. planus Barrande Monograptus griestoniensis Nicholson 

Monograptus near M. crinitus Wood Cyrtograptus, two or four species 

Monograptus cf. M. spiralis Geinitz Climacograptus, two species 

Monograptus cf. M. dextrorsus Gladiograptus geinitzianus Barrande 
Linnaeus Gladiograptus sp. 


The fauna is of Silurian age, according to Kirk, and is comparable 
with some of the graptolite faunas of Great Britain and western Europe. 
It seems to be of early Wenlock age, or possibly somewhat older; hence, 
it is correlated approximately with the Niagaran of the eastern United 
States. Thus, according to Kirk, the Trail Creek formation is somewhat 
older than the Laketown dolomite. 

On Malm Gulch, graptolites, most of which appear to be Monograptus, 
are widely but sparsely distributed through the argillite. This occurrence, 
in conjunction with the similarity in lithology, has led to correlation of 
this isolated exposure with the Trail Creek formation. However, the 
presence in the Laketown of this region of quartzite similar to some of 
that on Malm Gulch raises a question as to whether the strata at that 
locality may not be equivalent to some of the lower beds of the Laketown 
of the Bayhorse quadrangle, described below. The quartzite within the 
Laketown here contains few argillaceous members suitable for the preser- 
vation of graptolites, and none has been found in it. 


Laketown dolomite 


Distribution.—Within south-central Idaho, strata regarded as belong- 
ing to the Laketown dolomite have been mapped only in the Bayhorse 
quadrangle, principally along the ridge crowned by Lone Pine Peak, which 
extends from sec. 35, T. 13 N., R. 19 E., to sec. 18, T. 11 N., R. 20 E. 
Beds essentially equivalent to this formation, which is widespread in 
northern Utah and southeastern Idaho, probably also crop out in the 
Lost River and the Lemhi ranges, as is indicated by observations in Elbow 
Canyon and at Meadow Lake. 


Character—In the Bayhorse quadrangle most of the Laketown dolo- 
mite consists of moderately thick-bedded bluish-gray dolomitic limestone, 


LXII—BULL. Grou. Soc. AM., Von. 45, 1934 
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much of which weathers rusty. Chert nodules are commonly present but 
nowhere abundant. Part of the dolomite is somewhat sandy, and part is 
shaly. At several horizons there are intercalated beds of light slate-gray 
to white quartzite. 

None of the exposures in the Bayhorse quadrangle includes the total 
thickness of the formation, but most of it is probably present in the ridge 
crowned by Lone Pine Peak. Here nearly 1000 feet of quartzite is over- 
lain by fully 2500 feet of dolomite (with some intercalated quartzite) 
followed locally by several hundred feet of quartzite. In a small exposure 
in the northeast corner of the Bayhorse quadrangle the Laketown is made 
up of alternating thin beds of quartzite and dolomite aggregating over 
3000 feet. Some large exposures, such as that which crosses the northern 
border of T. 12 N., R. 19 E., are almost exclusively dolomite. In general, 
the formation in this part of the region appears to be well over 3000 
feet thick, with dolomite commonly making up the greater part of this 
total. Probably the quartzite, which is locally abundant, is in lenticular 
bodies that are individually of small areal extent and irregular distribu- 
tion. 

In Elbow Canyon, in the Lost River Range near Mackay, this formation 
is represented by 325 feet of light-colored dolomite, grouped by Umpleby 
with the upper part of the Ordovician sequence. Contacts with Ordovician 
and Devonian beds are visible, so that the 325 feet represents the total 
thickness of the Silurian at this locality. 

According to Umpleby,?° beds supposedly of Silurian age rest com- 
formably above the Ordovician dolomitic limestone in the Lemhi Range, 
but differ from it in being light gray. They are about 200 feet thick as 
exposed in the west wall of the Meadow Lake cirque, the only locality in 
the Lemhi Range where Umpleby examined them. 


Age.—Most exposures of the dolomitic part of the formation in the 
Bayhorse quadrangle contain organic remains, but in only a few places 
are they so abundant and well preserved as to be diagnostic of the Lake- 
town. The quartzite has yielded no fossils. The following lists record 
the determinations by Edwin Kirk of fossil collections from widely scat- 


tered exposures within the Bayhorse quadrangle: 
2242, 2251, 2252. One mile northwest of Lone Pine Peak, altitude 8700 feet. 
Collected by C. P. Ross and R. R. Leclerq. 


Amplezus sp. Coenites sp. 
Favosites sp. Heliolites cf. H. interstinctus (Linnaeus) 


» J. B. Umpleby: Geology and ore deposits of the Mackay region, Idaho, U. S. Geol. 
Survey, Prof. Pap. 97 (1917) p. 33. 
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2337. About three-fourths mile farther northwest, altitude 7900 feet. Col- 

lected by R. R. Leclerg. 
‘Syringopora? 

2246, 2236. Ridge crest in sec. 10, T.12 N., R.19 E., altitude 8200 feet. Col- 

lected by R. R. Leclerq. 
Large crinoid columnals 
Fragment of coral, suggesting Favosites. 

2230. Ridge north of Lone Pine Peak, just beyond the saddle, altitude 7750 

feet. Collected by C. P. Ross. 
Large crinoid columnals 
Small fragments of what appear to be Favosites. 

2224 and 2515. Spar Canyon, a mile above its junction with the valley of 
the West Fork of the Salmon River. Collected by C. P. Ross and Thomas H. 
Hite. 

Large crinoid columnals 

2523. At bench wark on ridge west of Bradshaw Basin, altitude 7565 feet. 

Collected by Edwin Kirk and C. P. Ross. 


Syringopora sp. Heliolites, two sp. 
Amplerus sp. Diphyphyllum sp. 
Alweolites sp. Striatopora sp. 
Halysites catenularia Cladopora sp. 
(Linnaeus) Conchidium sp. 


2521. A short distance north of 2523. Collected by Edwin Kirk. 
Syringopora sp. 
Conchidium sp. 

2510. Head of Bradshaw Gulch, altitude 6800 feet. Collected by C. P. Ross. 
Cyathophyllum sp. 
Cladopora sp. 
Plectatrypa? sp. 


2512. Close to 2510. Collected by C. P. Ross. 
Conchidium? sp. 


2514. Isolated exposure near Hole-in-Rock Creek, altitude 6500 feet. Col- 
lected by Thomas H. Hite. 


Cyathophyllum sp. 
Plectatrypa sp. 


These collections, coupled with observations made by Kirk in the field, 
enable him to affirm confidently that the formation is essentially equivalent 
in age to the Laketown dolomite of the type locality. A single collection 
is at variance with this conclusion and apparently records the presence 
of a fault block of dolomite containing a fossil fauna essentially different 
from any known elsewhere in the region. This collection was made by 
C. P. Ross and W. D. Mark from thin-banded limestone at an altitude 
of 7300 feet near the head of Bradshaw Gulch (lot 2248). Kirk deter- 


| 


960 C. P. BOSS—-PALEOZOIC STRATIGRAPHY IN IDAHO 


mined the following fossils from this collection and states that they are 
diagnostic of the Threeforks horizon of the Upper Devonian : 
Syringopora sp. Cyrtina sp. 
Cyathophyllum sp. Spirifer whitney 
In an attempt to check this point, collection 2510 was made in the 
same place as 2248, as nearly as memory permitted, and lots 2521, 2512, 
and 2507 were gathered in neighboring outcrops. All these collections 
(listed above) are regarded by Kirk as definitely Silurian, so that the 
Devonian mass indicated by lot 2248 must be small. 
The Silurian beds in Elbow Canyon contain a Laketown fauna, accord- 
ing to Kirk, who examined them in the field but made no collection. 
The Silurian beds at Meadow Lake, in the Lemhi Range, contain 
meager and poorly preserved fossils near the top. A single specimen 
collected here by Umpleby ** was reported by Kirk to be the external 
mold of a branching coral which may have been a Syringopora, possibly 
referable to the Silurian. This tentative assignment is strengthened by . 
the presence of a definitely Silurian fauna in similar beds at a similar 
stratigraphic horizon in Elbow Canyon. 


DEVONIAN SYSTEM 
Summary statement 


Two Devonian formations, the Jefferson and the Grand View dolomites, 
have been mapped in the Bayhorse quadrangle, and Devonian strata are 
known to exist in a number of isolated localities elsewhere in south-central 
Idaho. Several of these formations so closely resemble the Jefferson, both 
lithologically and in fossil content, that this formation will, doubtless, 
eventually be shown to be extensively exposed in the eastern part of south- 
central Idaho. Devonian strata essentially like the Grand View dolomite 
overlie the beds of Jefferson age in the southern part of the Lost River 
Range, and may well be present elsewhere. In addition, it is possible that 
part of the Milligen formation is of Devonian age, although there is now 
good reason to think that the major part of this scantily fossiliferous 
formation is Mississippian. 


Jefferson dolomite 


Distribution.—The Jefferson dolomite crops out in several isolated 
masses in the northeastern part of the Bayhorse quadrangle. The best 
and most complete exposures are in Grand View Canyon, near the center 


= J. B. Umpleby: Geology and ore deposits of Lemhi County, Idaho, U. S. Geol. Sur- 
vey, Bull. 528 (1913) p. 34. 
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of T. 12 N., R. 20 E., and along the west front of the Pahsimeroi Range 
in the western part of T. 12 N., R. 21 E. Similar beds, carrying fossils 
of Jefferson affinities, are known in Elbow Canyon, in the southern Lost 
River range, and at Meadow Lake, in the Lemhi Range, and probably 
extend over large areas in both ranges. 


Character.—Nearly all the Jefferson strata in the Bayhorse quadrangle 
consist of nearly black, rather coarse-grained dolomite. The distinctive 
lithology and the presence in most outcrops of an abundance of a charac- 
teristic digitate form of Favosites make the Jefferson one of the most 
easily recognized Paleozoic formations of the region. The lower part 
of the formation in the Bayhorse quadrangle, l:owever, locally includes 
light-colored beds, distinguishable from the underlying Laketown dolomite 
only by their fossil content. The area of beds in which the fossils 
are not definitely diagnostic is small. The following table gives the re- 
sults of a plane-table traverse of the Jefferson dolomite in Grand View 
Canyon. Although the base is not exposed, the total thickness here is 
greater than in any other known exposure in the surrounding region, 
and it is probable that nearly the whole of the formation is represented. 


Section of Jefferson dolomite in Grand View Canyon 


Thickness 
Feet 
Dominantly massive dark dolomite with abundant corals and some 
chert nodules. Some coarsely sandy beds.........ceccccccccceces 205 


Dark blue-gray massive dolomite; partings on bedding few inches to 
fifteen feet apart, average one to three feet. Most beds show lamina- 
tions a fraction of an inch wide. There are a few narrow light- 


1150 


In the ridges just east of this locality, where both the underlying and 
overlying formations are present, the Jefferson appears to have a thick- 
ness of slightly less than 1000 feet, but local contortion interferes with 
accurate measurement. The beds here are the typical dark dolomite, 
almost free from light-colored beds and locally with abundant Favosites. 

In Elbow Canyon, in the Lost River Range, the Silurian beds already 
described are overlain by 700 feet of dark dolomite that, according to 
Kirk’s field study, should be correlated with the Jefferson. 

No strata resembling the Jefferson are known in the Hailey quadrangle, 
but the presence of beds of this age is suggested by Westgate’s discovery,”? 


2 J.B. Umpleby, L. G. Westgate, and C. P. Ross: Geology and ore deposits of the Wood 
River region, Idaho, U. S. Geol. Survey, Bull. 814 (1930) p. 28. 
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in rock mapped as belonging to the Milligen formation, of a few frag- 
mentary fossils which Kirk classified as probably Devonian (Jefferson). 
This collection was obtained from a fragmental blue limestone, possibly 
a conglomerate, on the crest of the ridge east of Milligen Creek, and 
comprises a few corals, stromatoporoids, and crinoid fragments. If the 
containing rock is a conglomerate, the fossils, which are broken and rolled, 
may be pebbles derived from some older formation. In any case, they 
are inadequate as a basis for age determination. 


Age.—The strata in the Bayhorse quadrangle, described above, were 
correlated with the Jefferson limestone, of Middle Devonian age, mainly 
on the basis of Kirk’s field examination of the exposures in Grand View 
Canyon. The following lists give determinations by him of fossil col- 
lections from Grand View Canyon and elsewhere in the Bayhorse quad- 
rangle: 

2247. Grand View Canyon. Lower part of Jefferson dolomite. Collected by 
C. P. Ross and W. D. Mark. 


Favosites cf. F. limitaris Cladopora sp. Diphyphyllum sp. i 
2525. Grand View Canyon. Lower third of Jefferson dolomite. Collected \ 
by Edwin Kirk. 
Stromatopora sp. Favosites cf. F. limitaris 
Cladopora sp. Coenites sp. 
2524. Grand View Canyon. Middle part of Jefferson dolomite. Collected 
by Edwin Kirk. 
Syringopora sp. Aulopora sp. 
Diphyphyllum sp. Cyathophyllum sp. 
2517. Isolated outcrop below Grand View Canyon. Collected by T. H. Hite 
and C. P. Ross. 


Fragments of fish plates 
2513. Hill south of Tub Spring, altitude 7500 feet. Collected by T. H. Hite. 
Cyathophyllum sp. 
Atrypa reticularis Linnaeus 
2516. South flank of hill south of Tub Spring, altitude 7300 feet. Collected 
by T. H. Hite. 
Stromatopora sp. 
Cladopora? sp. 
Atrypa reticularis Linnaeus 
——. 300 feet south of 2516. Collected by T. H. Hite. 
Cladopora? sp. 
2509. 500 feet south of 2518. Collected by T. H. Hite. 
Cyathophyllum sp. 
2511. Sec. 10, T. 13 N., R. 20 E., altitude 7350 feet. Collected by T. H. Hite. 
Indeterminable corals 
Atrypa reticularis Linnaeus 


— 
— 
: 
a 


DEVONIAN SYSTEM 963 


In the original examination ** of the Paleozoic section in Elbow Canyon 
by Umpleby and Girty, large quantities of Stromatopora? sp. were noted 
in dark beds some distance above the Silurian unit, and near the top 
of the dark beds a fossil sponge was reported to be fairly abundant. 
Although these fossils are not sufficiently well preserved for accurate 
identification, they were regarded by Kirk as characteristic of the Jeffer- 
son and as pointing conclusively “to the Devonian (Jefferson) age of the 
containing beds.” ‘This opinion has since been confirmed by Kirk’s field 
examination of the beds. 

Two lots of fossils were collected by Umpleby** from the Devonian 
at Meadow Lake, Lemhi Range, two miles north of Gilmore, and were 
referred by Kirk to E. M. Kindle “as evidently having Devonian affini- 
ties.” The lot obtained about 200 feet above the base of the formation con- 
tained only indeterminable fragments, “though apparently falling with” 
the second lot, which came from beds about 2000 feet above the base. 
This second lot “contains corals hitherto referred by Kindle to the Jefferson 
limestone (Devonian) ,” of which the only determinable form is Cladopora 
labiosa?. This general locality was visited in 1930 by Kirk and the 
writer. Bad weather prevented an adequate examination, but Kirk found 
material that satisfied him of the presence of dark dolomite referable to 
the Jefferson. 

The data given above suggest that the entire 2000 feet of Devonian 
beds at Meadow Lake are Jefferson. This seems questionable, as, accord- 
ing to the charts compiled by Miss Wilmarth, no such thickness of Jef- 
ferson is known elsewhere in either Idaho or Montana, and Devonian 
strata of post-Jefferson age are exposed in both the Lost River Range 
and the Beaverhead Mountains. 


Strata of late Devonian age 


Distribution.—It is probable that Devonian strata later than the Jeffer- 
son are extensively exposed in the eastern part of south-central Idaho. 
The only unit of this kind that has yet been mapped is that in the Bay- 
horse quadrangle, here named Grand View. This formation is best exposed 
in the canyon for which it is named, which is near the center of T. 12 N., 
R. 20 E. (No. 7 on map). It is also exposed in the western part of 
T. 12 N., R. 21 E., and there are small masses of it in and near sec. 18, 
T. 13 N., R. 21 E. and sec. 17, T. 11 N., R. 20 E. 


23 J. B. Umpleby : Geology and ore deposits of the Mackay region, Idaho, U. S. Geol. 


Survey, Prof. Pap. 97 (1917) p. 20-27. 
% J. B. Umpleby: Geology and ore denosits of Lemhi County, Idaho, U. S. Geol. Sur- 
vey, Bull. 528 (1913) p. 34. 
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In Elbow Canyon there are three units of Devonian age above the Jeffer- 
son beds already mentioned. It is probable that these rocks extend 
northwestward from this locality, at least to the vicinity of Dickey. The 
long talus slopes of fine material that extend as a girdle along the western 
part of the Lost River Range appear to be fed by the shaly middle member 
of the post-Jefferson sequence. Upper Devonian strata have been recog- 
nized ** in the southern part of the Beaverhead Mountains, in sec. 34, 
T. 11 N., R. 30 E., southeast of Reno. 


Character.—The character of the Grand View dolomite is well illus- 
trated by the section below, based on a plane-table traverse at the type 
locality. Assignment of beds in other localities to the formation is based 
on similarity in lithology and stratigraphic relations to the beds whose 
characteristics are tabulated below. The section given represents slightly 
less than the total thickness of the formation, the contact with the over- 
lying Milligen beds being obscured by alluvium and Tertiary strata. The 
contact of the Grand View dolomite with the underlying Jefferson is 
marked by slight irregularity and abrupt change in lithology, but there 
is no appreciable angular discordance. 


Section of Grand View dolomite in Grand View Canyon 


Thickness 
Feet 
Mainly dolomite, in part dark. Some thin beds of quartzite and shale 177 
Proportion of sandy material greater than in unit below....... jones 81 
Beds somewhat less sandy than most of unit above............. ions 34 


Mainly rusty yellow sandy dolomitic beds. Light-esloved nearly pure 
dolomitic limestone makes up somewhat less than 10 percent of the 
total. There are a few beds of gray vance which weather rusty 

In this unit about 30 percent of the beds are > desk but met quite as 2 dark 
as the Jefferson. The remainder are rusty sandy dolomitic limestone 99 

The proportion of dark Jefferson-like beds decreases rapidly. In the 
upper half of this unit over half of the beds are rusty sandy dolo- 
mitic limestone. There are a few sandstone beds. Partings between 
beds are commonly one to two feet apart. Some beds are platy.... 380 

Mainly coarse-grained dolomitic limestone, weathering rough; on the 
whole, lighter-colored than the underlying Jefferson but with a few 
beds similar to the Jefferson. A few beds of coarse sandy limestone 


1170 


276 


*P. J. Shenon: Geology and ore deposits of the Birch Oreek district, Idaho; Idaho 
Bur. Mines and Geol., Pamph. 27 (1928) p. 7. 
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Above the Jefferson beds in Elbow Canyon there are 200 feet of lighter- 
colored, scantily fossiliferous dolomite, followed by about 350 feet of 
dolomitic shale, poorly exposed and unfossiliferous along the line of 
section. Above these in turn are about 100 feet of light-colored fossil- 
iferous dolomite and limestone with intercalated shaly beds. 

The Upper Devonian beds near the Worthing mine, in the Beaverhead 
Mountains,”* include several hundred feet of dark fissile shale and thin- 
bedded bluish-gray magnesian limestone, in part cherty. 


Age.—On the basis of lithology, stratigraphic relations, and fossil con- 
tent, the Grand View dolomite and the lowest of the three units in Elbow 
Canyon here discussed are regarded by Kirk as approximately equivalent 
and of Devonian but post-Jefferson age—that is, they are either upper 
Middle Devonian or lower Upper Devonian. The few fossils which they 
contain are poorly preserved. Kirk, who studied these beds in the field, 
reports no definite identifications in Elbow Canyon, and in Grand View 
Canyon he noted only “indistinct traces of a small Cladopora?, such as 
is found abundantly in the upper part of the Middle Devonian and less 
commonly in the Upper Devonian of the Great Basin region.” Fossils 
collected by Umpleby and Girty from the uppermost Devonian unit in 
Elbow Canyon were examined by E. M. Kindle, whose report follows :?” 

I have been able to recognize the following species in the collection of 


Devonian fossils from Elbow Canyon, Mackay, Idaho, which you [G. H. 
Girty] recently sent me for study: 


Productella sp. Reticularia sp. 
Camarotoechia sp. Spirifer utahensis. 
Schizophoria striatula var. Spirifer Whitney. 
australis. Meristella cf. M. barrisi. 
Athyris parvula. Euomphalus eurekensis. 


The fauna represents an Upper Devonian horizon. This assemblage 
of species shows resemblances both to the Jefferson limestone and the 
Threeforks shale fauna. The presence in it, however, of a large species 
of Productella appears to indicate that it represents a horizon later 
than that of the Jefferson fauna. I am inclined to regard it as a cal- 
careous facies of the Threeforks shale fauna, although it is not a typical 
fauna of this horizon. 


Fossils collected by P. J. Shenon ** on the ridge just southwest of 
shaft No. 2 at the Worthing mine, in the southern Beaverhead Mountains, 


*P. J. Shenon: Geology and ore deposits of the Birch Creek district, Idaho, Idaho 
Bur. Mines and Geol., Pamph. 27 (1928) p. 7. 

J. B. Umpleby: Geology and ore deposits of the Mackay region, Idaho, U. 8. Geol. 
Survey, Prof. Pap. 97 (1917) p. 26. 

*P. J. Shenon: op. cit., p. 7. 
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from a cherty dark-gray limestone 400 feet above the base of the Devonian 
strata, were assigned to the Upper Devonian (Threeforks) by Edwin 
Kirk, who identified the following forms: 

Productella sp. Spirifer whitneyi Hall var. 

Athyris sp. Euomphalus sp. 

Pugnae cf. P. altus Calvin 

CARBONIFEROUS SYSTEM 
Summary statement 
Strata of Carboniferous age are more widespread and thicker than any 
other Paleozoic rocks in the eastern part of south-central Idaho. The 
Milligen formation and the Brazer limestone, of Mississippian age; the 
Wood River formation, of Pennsylvanian age; and the Casto volcanics, 
tentatively assigned to the Permian, are the formations recognized. The 
Madison limestone, so abundant in nearby Montana *® and elsewhere 
farther east, appears not to be represented here. If it crops out anywhere 
in the region shown on Figure 1, it is in the less known parts of the 
Beaverhead Mountains. The Milligen formation, although lithologically 
quite different from the typical Madison limestone and largely of Brazer 
age, may locally include beds of Madison age. Except for local details, 
the strata here included in the Brazer limestone are lithologically and 
faunally similar to those of the type locality in Utah and of neighboring 
areas.*° 
The Wood River formation is probably more or less equivalent to the 

Wells formation of southeastern Idaho,** although the Wood River is 
much the thicker of the two, and there are other differences. The Casto 
voleanics are unfossiliferous, but because of their character and strati- 
graphic relations they have been tentatively correlated with the Permian 
(Phosphoria) voleanics of the Seven Devils region. No Carboniferous 
formations have yet been mapped east of longitude 114°. As shown 
below, there is good reason to believe that all except the Casto are present 
in the Lost River Range, and some at least may extend still farther east. 
It is probable that all the Carboniferous strata in the eastern part of south- 
central Idaho are to be correlated essentially with the formations above 
mentioned, but in a few places, because of variations in lithology and 
other factors, such correlations cannot be confidently made with present 
data. 


2 A. N. Winchell: Mining districts of the Dillon quadrangle, Montana, and adjacent 
areas, U. S. Geol. Survey, Bull. 574 (1914) p. 27. 

”G. R. Mansfield: Geography, geology, and mineral resources of part of southeastern 
Idaho, U. 8. Geol. Survey, Prof. Pap. 152 (1927) p. 63-76. 

31 Op. cit., p. 71-75. 
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Carboniferous rocks are the only Paleozoic formations so far recognized 
along the western border of Idaho * or in neighboring parts of Oregon. 
These rocks will not be described in the present paper, but it may be 
noted, in part on the basis of unpublished work by F. B. Laney, the writer, 
James Gilluly, and others, that a thick sequence of lava flows with inter- 
calated tuffaceous beds and limestones, locally containing a Phosphoria 
(Permian) fauna, overlie argillaceous and calcareous beds carrying scanty 
and poorly preserved fossils of Carboniferous age, probably in large part 
Pennsylvanian. Farther west, Mississippian beds have been recognized,** 
and it is possible that other Paleozoic formations are present. 


Milligen formation 


Distribution —The Milligen formation crops out along both sides of 
the Big Wood River, from the vicinity of Gannett to a point north of 
Hailey. North of this the principal exposures form a broad band that 
extends diagonally from the southeast corner almost to the northwest 
corner of the Hailey quadrangle, with smaller masses on each side. Still 
farther north the formation extends, with interruptions, from Pole Creek, 
near the head of the Salmon River, in the Sawtooth quadrangle, somewhat 
east of north across the White Cloud Peaks, in the Custer quadrangle, 
reaching the Salmon again at the mouth of Slate Creek. The formation 
is abundantly exposed on the north side of the Salmon in this vicinity 
but has nowhere been recognized more than five miles north of the river. 
Small masses crop out in several places in the eastern part of the Bayhorse 
quadrangle. 

The name, Milligen formation, has not heretofore been definitely applied 
to strata in any locality except those mentioned above. As shown below, 
it appears that beds having all the essential characteristics of the Milligen 
are present in at least the southern part of the Lost River Range, in the 
Lava Creek district, and probably also in the Muldoon district. 


8 Waldemar Lindgren: The gold belt of the Blue Mountains of Oregon, U. 8S. Geol. 
Survey, 22d Ann. Rept., pt. 2 (1902) p. 578. 

Chester Washburne: Notes on the marine sediments of eastern Oregon, Jour. Geol., 
vol. 11 (1903) p. 224-225. 

J. T. Pardee and D. F. Hewett: Geology and mineral resources of the Sumpter quad- 
rangle, in Mineral Resources of Oregon, Oregon Bur. Mines and Geol., vol. 1, no. 6 (1914) 
p. 35. 

James Gilluly: Copper denosits near Keating, Oregon, U. S. Geol. Survey, Bull. 830 
(1931) p. 6-13. 

James Gilluly, J. C. Reed, and F. C. Park, Jr.: Some ore deposits of eastern Oregon, 
U. S. Geol. Survey, Bull. 846 (1933) p. 10-12. 

D. C. Livingston and F. B. Laney: The copner deposits of the Seven Devils and 
adjacent districts, Idaho, Idaho Bur. Mines and Geol., Bull. 1 (1920) p. 18-24. 

3K. L. Packard: A new section of Paleozoic and M ic rocks in central Oregon, 
Am. Jour. Sci., 5th ser., vol. 15 (1928) p. 221-224. 
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Character—The Milligen formation * in the Wood River region varies 
considerably in lithologic character, but most of it is a black carbonaceous 
argillite. In places, characteristic beds of quartzite, limestone, and dolo- 
mitic limestone are intercalated in the argillite. Some of the rocks are 
more or less distinctly laminated, largely as a result of the concentration 
of the carbonaceous matter in wavy lenses approximately parallel to the 
bedding. Others have a rather poorly developed cleavage which may be 
parallel to the original bedding. The so-called “graphitic anthracite” in 
the old Parker mine, on Elkhorn Creek, is probably metamorphosed coal. 
In the Evelyn prospect, on Trail Creek, impure coal is exposed in several 
tunnels. 

In most places the exact character of the contact between the Milligen 
and the Wood River formations is not clear. Conglomerate is almost 
universally present at the base of the Wood River formation (Pennsyl- 
vanian), and in places the bedding in the Milligen formation near the 
contact does not appear to be parallel to the contact. These facts suggest 
that there may be an unconformity between the two formations. However, 
at the head of Lake Creek, where the contact is well exposed, the two 
formations grade into each other with no stratigraphic break. 

Wherever the Milligen formation is in contact with sedimentary forma- 
tions other than the overlying Wood River, it is separated from them by 
faults. Consequently, its exact relations to the other formations cannot 
be determined. However, from the general relations it is evident that 
all the other Paleozoic strata except the Wood River formation are older 
than the Milligen. 

The Milligen formation weathers so easily, has so few distinctive beds, 
and is so much deformed that detailed stratigraphic sections of it have 
nowhere been measured or described. In the Wood River region an esti- 
mated thickness of 3000 feet has been arbitrarily assigned to it. Hewett ** 
states that in the vicinity of Bellevue it is at least 2500 feet thick. 

The strata in the Sawtooth, the Custer, and the Bayhorse quadrangles 
that have been assigned to the Milligen formation, all have essentially 
the lithologic characteristics described above, except in the Custer quad- 
rangle, where they are more metamorphosed and intricately deformed, 
and in the eastern part of the Bayhorse quadrangle where they include 
some exceptionally coarse beds. In the Bayhorse area the Milligen locally 


* J. B. Umpleby, L. G. Westgate, and C. P. Ross: Geology and ore deposits of the Wood 
River region, Idaho, U. 8. Geol. Survey, Bull. 814 (1930) p. 24-29. 

=D. F. Hewett: Geology of the Minnie Moore and nearby mines, Mineral Hill mining 
district, Blaine County, Idaho, in Geology and ore deposits of the Wood River region, 
Idaho (by J. B. Umpleby, L. C. Westgate and C. P. Ross), U. 8. Geol. Survey, Bull. 814 
(1930) p. 209. 
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contains grit and fine conglomerate, although the greater part of the 
formation, there as elsewhere, consists of carbonaceous argillite. The 
correlation of a small mass of strata along Pinto Creek, in the southeast 
corner of the Bayhorse quadrangle, is in some doubt. It has been tenta- 
tively assigned to the Wood River formation because it is an extension 
of an area so mapped by Westgate in the Hailey quadrangle. It contains 
a far greater proportion of coarse grit and conglomerate than any known 
Milligen, a fact which accords with this assignment. 

In order to supplement the field evidence favoring assignment of the 
metamorphosed and scantily fossiliferous beds in the eastern part of the 
Custer quadrangle and in neighboring areas to the Milligen and the Wood 
River formations, a study was made of the heavy mineral content of these 
and other Palezoic and older sedimentary rocks in the region.** In brief, 
the results indicate that the assemblages of heavy minerals of probable 
detrital origin in these beds are similar to those in the recognized Wood 
River and Milligen beds in the Hailey quadrangle and quite unlike those 
found in any of the other rocks studied. 

About 1300 feet of shaly beds are exposed above the Devonian beds and 
below supposed Pennsylvanian beds near Elbow Canyon, in the Lost 
River Range, just southeast of Mackay. In Joggle Canyon, somewhat 
farther south in the same range, Umpleby ** measured 1500 feet of thin- 
bedded, fine-grained, calcareous slate, which becomes thicker-bedded to- 
ward the top. Conformably above these beds is 400 feet of buff and 
pale maroon shale with a few thick beds of limestone near the base, from 
which the fossils listed below were obtained. Above these is a thick 
sequence of fossiliferous Brazer limestone. In view of their stratigraphic 
relations and dominantly argillaceous character the beds at these two 
localities are, doubtless, to be correlated with the Milligen. Almost no 
argillaceous beds of Mississippian age have yet been recognized anywhere 
in the Lemhi and the Beaverhead ranges. 

In the Lava Creek district, between Martin and Fish Creek, Anderson ** 
found a thick series of shale, sandstone, and limestone with minor amounts 
of quartzite and conglomerate. Some of the conglomerate in this area 
may belong to the Wood River formation. Likewise, some of the more 
quartzitic beds and impure limestones resemble, to some extent, beds in 
the Wood River formation in its type locality. Large portions of the beds 


*C. P. Ross and Charles Milton: Stratigraphic correlation by heavy minerals in Paleo- 
gote beds in Idaho, {abst.] Jour. Washington Acad. Sci., vol. 24 (1934). 

J. B. Umpleby: Geology and ore deposits of the Mackay region, Idaho, U. S. Geol. 
Survey, Prof. Pap. 97 (1917) p. 27. 

%*% A. L. Anderson: Geology and ore deposits of the Lava Creek district, Idaho, Idaho 
Bur. Mines and Geol., Pamph. 82 (1929) p. 8-13. 
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here, however, are much like the Milligen elsewhere. As the contained 
fossils show them to be of Mississippian age, and as they are overlain 
by limestone containing Brazer fossils, the dominantly argillaceous and 
arenaceous beds doubtless belong to the Milligen formation. Anderson 
regards the beds in the Lava Creek district as more than 3000 feet, and 
probably over 4000 feet, thick, exclusive of a conglomerate, several hun- 
dred feet thick, near the west margin of the area he mapped, which he 
regards as probably the base of the Pennsylvanian. This conglomerate 
overlies Mississippian shale and sandstone and lithologically is similar to 
the basal conglomerate of the Wood River formation in its type locality. 
The main mass of the Mississippian rocks exposed in the Lava Creek 
district comprises black and gray shale, gray and buff sandstone and 
quartzite, and bluish limestone overlain by several hundred feet of massive, 
grayish, abundantly fossiliferous limestone. The description of the mas- 
sive limestone suggests that it may belong with the Brazer rather than 
with the Milligen. Another area of Mississippian rocks, exposed in the 
northeastern part of the Lava Creek district, comprises several thousand 
feet of grayish sandstone, shale, quartzite, and conglomerate. Fossil- 
iferous carbonaceous black shale occurs well up in the series. 

Almost the only unit in this vicinity sufficiently resistent to weathering 
to be well exposed is the conglomerate. It is about 100 feet thick and 
contains pink and gray pebbles and cobbles, one to four inches in diameter. 
It may be Pennsylvanian, and appears to have been brought into its 
present position by faulting. These rocks are overlain by gray, thick- to 
thin-bedded, fossiliferous limestone, which locally contains numerous 
bands and lenses of black chert and thin quartzite beds. The limestone 
is probably over 800 feet in total exposed thickness, and its top is con- 
cealed by Tertiary lava. It presumably belongs to the unit here identified 
as Brazer limestone. 

In the northwestern part of the district, near Dry Fork and Blizzard 
Mountain, and apparently also in the eastern part, near Martin, there is, 
in upward succession, black carbonaceous shale, gray shale, gray and 
buff sandstone, conglomerate with pebbles less than two inches in diameter, 
and dense blue limestone with crinoid stems. Locally, about 2000 feet 
of black and gray shale, gray sandstone, gray limestone (locally cherty), 
and thin beds of quartzite lie above. At one place high in the sequence 
there is a massive bed of fossiliferous limestone, about 200 feet thick. 
To the west of the district, in the vicinity of Fish Creek, beds of the 
character here outlined are associated with strata of probable Pennsyl- 
vanian age. Black shale near the base of the ridge west of Dry Fork, 
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approximately in sec. 36, T. 3 N., R. 23 E., contains Letorhynchus car- 
boniferum var. polypleurum, which, according to Girty, marks it as prob- 
ably of Brazer age and equivalent stratigraphically to the fossiliferous 
shale higher in the sequence, as exposed on Timber Mountain. 

In the Muldoon, or Little Wood River district, T. 3-4 N., R. 20-22 E., 
a short distance northwest of the Lava Creek district, there is a thick 
succession of sedimentary rocks that have yielded no diagnostic fossils 
but are thought by Stewart Udell, of the Idaho Bureau of Mines and 
Geology, to be largely of Carboniferous age. This district was studied 
in the summer of 1930 by Udell, and the following data are abstracted 
from his manuscript report. 

At one locality near Muldoon Creek there is an isolated exposure, about 
half a mile long, of light-gray, relatively pure, thick-bedded limestone, 
in part brecciated and marbleized. There are abundant traces of organ- 
isms, apparently corals, too poorly preserved for identification. A report 
on these fossils by G. H. Girty indicates that the beds may be of pre- 
Carboniferous age. Elsewhere in the district there is 7000 feet of thin- 
bedded, dark-gray carbonaceous shale, interstratified with argillaceous 
quartzite and argillaceous limestone. This unit locally contains beds of 
graphitic shale. A few casts of indeterminable cephalopods and brachio- 
pods occur in the unit. Comformably above the shaly unit is about 2000 
feet of impure, white, thin-bedded limestone with numerous partings of 
calcareous sandstone and shale. Some of the rock has been converted into 
banded hornfels by igneous metamorphism. This unit grades upward 
into 2500 to 4000 feet of quartzite, with thin shale seams and intercalated 
lenses of conglomerate in the lower part. The quartzite is relatively 
argillaceous near the top and is overlain, apparently conformably, by 
about 1000 feet of arenaceous shale with numerous thin beds of sand- 
stone and some limestone. The top of this unit has been removed by 
erosion. 


Age and correlation—The Milligen formation was originally named 
and mapped in the Wood River region. Here the name was assigned to 
dominantly dark-colored argillite and related rocks that are stratigraphi- 
cally below the Wood River formation (Pennsylvanian). Since then 
the mapping of the formation has been extended over parts of the Custer 
and the Bayhorse quadrangles, and in the latter area it has been found 
to underlie Brazer limestone and overlie Devonian beds. The relations 
indicate that the Brazer, which is widespread and thick farther east, is 
here intercalated between the Wood River formation above and the clastic 
beds assigned to the Milligen below. Consequently, the Brazer must here 
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be approximately equivalent in age to the upper part of the Milligen in 
and near its type locality. In several localities in the Lost River Range 
and in the Lava Creek district, west of Martin, Butte County, there are 
dominantly argillaceous beds of known or probable Mississippian age. 
These beds are invariably found to underlie Brazer limestone. All such 
beds are here regarded as belonging to the Milligen formation. Thus, 
the Milligen formation may be defined as comprising all the clastic, 
dominantly argillaceous beds of Mississippian age in south-central Idaho. 
In the original description of the Milligen ** it was shown that the lower 
part of the formation might be of Devonian age. This possibility cannot 
be entirely excluded, but the relation of the Milligen formation to De- 
vonian strata in the northern part of the Lost River Range decreases its 
probability. 

In several places in the Custer, the Sawtooth, and the Bayhorse quad- 
rangles small amounts of plant fragments are preserved in the Carbon- 
iferous strata. The best of the scanty collections have been examined 
by David White, whose report follows: 


Report by David White on collections of Paleozoic plants gathered by 
C. P. Ross party in 1930. 


“The collections are all very small and consist almost entirely of sandy 
material in which very fragmentary parts of plants that in most cases 
have been ground up by wave action were buried. None of the frag- 
ments are specifically determinable. 

“BHS85, station 75, Pinto Creek, barometer 7350. Collected by C. P. Ross 
and T. H. Hite. The collection consists of mashed and ground debris 
embracing fragments, including possibly leaves, of Asterophyllites, of 
Pottsville aspect, one fragment probably representing a stem of Spheno- 
phyllum and one a lepidophytic leaf that may have belonged to Sigillaria. 
The aspect of the material suggests either the upper part of the lower 
Carboniferous or the Pottsville group. 

“BH19, station 75, Pinto Creek. Collected by T. H. Hite. Broken and 
indeterminable stems. One fragment probably represents a stem of 
Annularia, and one may be a leaf of a lepidophyte. [Lots BH-85 and 
BH-19 came from the beds of doubtful age on Pinto Creek, mentioned 
above.] 

“BH88, station 259, barometer 8200, north end of Crane Basin. Col- 
lected by T. H. Hite. The collection contains (a) a calamarian fructifica- 
tion, probably Palaeostachya; (b) a fragment of Sphenophyllum leaf ; 
(c) a fragment of fern stem, possibly referable to the structural genus 
Dictyorylon; and (d) a fragment of Sphenophyllum stem. [Lots BH-88 
and BH-87 came from typical Milligen beds, which here have Devonian 
strata below and Brazer limestone above. A single similar plant frag- 


*J. B. Umpleby, L. C. Westgate, and C. P. Ross: Geology and ore deposits of the 
Wood River region, Idaho, U. 8. Geol. Survey, Bull, 814 (1980) p. 26-29. 
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ment was also found in this formation on Grand Prize Creek, and one 
of microscopic dimensions was noted in the study of a specimen of 
Milligen shale from the Apex mine, on Squaw Creek, in the Custer 
quadrangle.) 

“BH78, station 225, barometer 8150 to 8350. Eastern slope of Sage 
Creek, Bayhorse quadrangle. Collected by T. H. Hite. Water-worn and 
macerated fragments, mostly comminuted, including one possibly belong- 
ing to a Lepidodendron and another piece that may be a fern stem. Col- 
lection valueless. [Lot BH-78 came from conglomerate intercalated in the 
Brazer limestone on Sage Creek, in the Bayhorse quadrangle, probably sev- 
eral hundred feet stratigraphically above the point where typical Milligen 
strata dip under the Brazer limestone.] 

“BHS87, station 258, barometer 9650 to 9677; Pahsimeroi Range south of 
Devils Canyon and Crane Basin. T. H. Hite, collector. This collection 
contains (a) a fragment of leaf, probably Lepidophytic and suggesting 
Pennsylvanian age; (b) defoliated fragment of spinous stem not gen- 
erically determinable; (c) triturated fragment including portions of 
leaves probably belonging to Lepidodendron or Sigillaria; (d) portion 
of fern stem stripped of pinnules and indeterminable; (e) a fragment 
suggesting Sphenophyllum; and (f) another fragment that may be a 
twig of Lepidodendron or Walchia. 

“There is nothing in the material included in the above-mentioned lots 
that is specifically identifiable. No genera indentifiable with certainty 
are characteristic of the older Pennsylvanian or the upper Mississippian 
or the Pottsville group. All the fragments generically recognizable, 
including those tentatively identified, as an ensemble are suggestive of 
lower Pennsylvanian age.” 


These plant fragments from widely scattered localities appear to estab- 
lish, with reasonable certainty, the Carboniferous age of the containing 
beds but are not sufficiently diagnostic to be of value for closer correlation. 
As a group, Dr. White evidently regards them as more likely to be of 
Pennsylvanian than of earlier date. Some, however, were collected at 
horizons low in the Milligen formation, where it rests on Ordovician 
rocks; others came from beds underlying Brazer limestone; others from 
conglomerate intercalated in limestone of Brazer age; and still others 
from beds which, on other grounds, have been tentatively assigned to the 
Pennsylvanian. Probably plants, of the sort represented by the collec- 
tions, grew in this region throughout much or all of Carboniferous time, 
and fragments of them have been preserved in clastic deposits with a wide 
range in stratigraphic position. 

The shaly beds in Joggle Canyon, in the Lost River Range, whose cor- 
relation with the Milligen was suggested on page 969, have yielded two 
fossil collections, both from limestone beds in the upper part of the 
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sequence.*° The collection numbers given are those of the permanent 
numbers in the United States Geological Survey record of Carboniferous 


collections. 


1140. From limestone close to top of Milligen(?) beds in Joggle Canyon 
and about 200 feet below 1136 (p. 982). 


Batostomella sp. Productus ovatus? 

Cystodictya sp. Productus tenuicostus 

Bactropora sp. Productus sp. 

Chonetes aff. C. illinoisensis Girtyella? sp. 

Productella hirsutiformis var. Camarotoechia? sp. 
batesvillensis? Spirifer keokuk var.? 

Productella hirsutiformis? Reticularia setigera? 

Pustula subsulcata? Aviculipecten two n. sp. 

Pustula moorefieldana? Platyceras sp. 

Pustula biseriata? Paraparchites nicklesi 


Productus aff. P. longispinus 


541. From arenaceous shale and blue limestone, 400 feet thick, which lies 
next below buff and blue limestone near head of Joggle Canyon: 


Batostomella sp. Pustula aff. P. moorefieldana 
Productus ovatus Productella hirsutiformis? 
Avonia arkansana Spirifer arkansanus? 
Productus n. sp. Paraparchites nicklesi? 


Productus inflatus? 


Anderson ** made a number of collections from beds in the Lava Creek 
district that are here regarded as probably to be correlated with the Mil- 
ligen formation. Dr. Girty, who made the determinations listed below, 
regards all of them as of Brazer age, although some of the collections 
are less diagnostic than others. 

The following fossils came from sec. 3, T. 3 N., R. 23 E., from a lime- 
stone regarded by Anderson as the lowest part of the Mississippian se- 
quence of the district, although the structural relations are indeterminate 
as the exposure is entirely surrounded by Tertiary lava: 


Wewokella? sp. Sulcatipinna sp. 
Triplophyllum sp. Aviculipecten sp. 
Chaetetes radians Levidentalium sp. 
Productus ovatus Bellerophon sp. 
Diaphragmus elegans? Pleurotomaria sp. 
Spiriferina spinosa? Grifithides sp. 


# J. B. Umpleby: Geology and ore deposits of the Mackay region, Idaho, U. S. Geol. 
Survey, Prof. Pap. 97 (1917) p. 29-30. 

“1A. L. Anderson: Geology and ore deposits of the Lava Creek district, Idaho, Idaho 
Bur. Mines and Geol., Pamph. 32 (1929) p. 10-12. 
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A collection from shale high in the local sequence in sec, 11, T. 3 N., R. 
24 E., near Timber Mountain, contains the following forms: 


Orbiculoidea sp. Spirifer martiniiformis? 

Productella hirsutiformis Deltopecten canleyanus 

Leiorhynchus carboniferum var. Deltopecten sp. 
polypleurum Bambezia sp. 


Limestone outcrops in this vicinity yielded Pentremites n. sp. (sec. 9, 
T. 3 N., R. 24 E.) and Productus ovatus var. latior? (sec. 22, T. 3 N., R. 
24 E.). 

The limestone that forms the uppermost exposed part of the section in 
the vicinity of Timber Mountain has not yet been separately mapped, but, 
to judge from Anderson’s description, it is so thick and widespread that 
it may eventually be separated as Brazer Limestone rather than as part 
of the Milligen formation. 

The fossils collected at this horizon on the northeast side of Timber 
Mountain are listed below: 


Chaetetes radians? Productus ovatus var. minor 
Campophyllum. aff. C. torquium Girtyella? sp. 

Triplophyllum sp. Spirifer brazerianus 
Syringopora sp. Spirifer pellensis 

Fenestella several sp. Spiriferina spinosa 
Polypora several sp. Composite trinuclea 
Rhombopora sp. Cleiothyridina sublamellosa 
Orthotetes kaskaskiensis Hustedia multicostata 


Productus aff. P. inflatus 


The 200-foot limestone unit at the top of the sequence in sec. 17, T. 3 
N., R. 24 E., is probably the stratigraphic equivalent of the limestone on 
the northeast side of Timber Mountain, mentioned above. It yielded 
the following fossils : 


Triplophyllum sp. Productus parvus 
Cyathazroma? Productus parviformis 
Syringopora surcularia Letorhynchus carboniferum 
Fenestella sp. Leiorhynchus carboniferum var. 
Pinnatopora sp. polypleurum 

Rhombopora sp. Spirifer sp. 

Oystodictya sp.  Spiriferella? sp. 

Productus semireticulatus Cleiothyridina sublamellosa 
Productus brazerianus Paraparchites sp. 


In sec. 8, T. 2 N., R. 24 E., in the valley of the North Fork of Lava 
Creek, about five miles northeast of the locality just mentioned, beds which 
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Anderson regards as the same limestone are exposed. The fossils from 
this exposure are listed below: 


Syringopora surcularia Productus aff. P. burlingtonensis 
Amplerus sp. Productus aff. P. gallatinensis 
Triplophyllum sp. Pustula gradata 

Stenopora aff. 8S. ramosa Spirifer pellensis? 

Fenestella several sp. Spiriferella neglecta 
Rhombopora sp. Cleiothyridina sublamellosa 


Productus ovatus 


It will be noted that here, as farther north, the argillaceous and related 
beds of the Milligen formation are intimately associated both with fossil- 
iferous limestone of Brazer type and with conglomerate and other strata 
probably belonging to the Wood River formation. Although structural 
complications and the concealment of critical contacts by Tertiary lava 
obscure the evidence, it seems clear that lateral variation resulting from 
differences in conditions affecting original deposition, rather than any 
age difference, has caused the difference in lithology between the Brazer 
limestone and at least the upper Milligen beds. Gradational relations 
locally between the Milligen and the Wood River prove that the Milligen 
must be in part as young as the Brazer. This evidence is strengthened 
by the presence of Brazer fossils locally in beds regarded as Milligen, 
although, unfortunately, no diagnostic fossils are known in the type lo- 
cality of the Milligen. To what extent the lower part of the Milligen 
represents pre-Brazer time remains an open question. 

Udell 4? makes the tentative suggestion that the limestone, which ap- 
pears to be at the base of the sequence of Paleozoic strata in the Muldoon 
district, may be Silurian, the 7000 feet of shale may correspond to the 
Milligen, and the other strata to the Wood River formation. This is a 
possible correlation, but it seems somewhat preferable to include the 2000 
feet of thin-bedded limestone in the Milligen. The Wood River forma- 
tion would then have conglomerate in its basal portion, as it does in most 
known localities. The principal objection to this, as Udell indicates, is 
that on such an assumption the Milligen would be thicker and the Wood 
River thinner than elsewhere. 

In summary, the Milligen formation, as the term is used in the present 
paper, is essentially a lithologic unit whose stratigraphic limits vary some- 
what in different parts of the region. Most of the strata grouped with 
the Milligen in the foregoing discussion can, with considerable confidence, 


“ Stewart Udell: Manuscript report on the Little Wood River mining district, Idaho 
Bur. Mines and Geol. 
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be regarded as Mississippian, but some were deposited early and some 
late in that epoch, and it is possible that in a few localities pre-Missis- 
sippian beds have been included in the mapping. A considerable part 
of the formation is essentially of the same age as the Brazer limestone, 
although the Brazer is distinguished from it on a lithologic basis wherever 
possible. 


Brazer limestone 


Distribution—The Brazer limestone is abundantly exposed in the 
southeastern part of the Bayhorse quadrangle, throughout the length of 
the Lost River Range, in the Arco Hills, and in the White Knob Moun- 
tains, west of Mackay. As already noted, limestone of essentially this 
kind is locally present in the Mississippian (Milligen?) strata of the Lava 
Creek district, farther south. Similar beds crop out along the southern 
part of the eastern flank of the Lemhi Range and appear also to be among 
the most abundant of the Paleozoic strata in the Beaverhead Mountains. 
Although, as this summary shows, the Brazer limestone is probably wide- 
spread in the eastern part of south-central Idaho, the only place in this 
region where it has been mapped as such is in the Bayhorse quadrangle 
in Ts. 9, 10, and 11 N., Rs. 20 and 21 E. 


Character.—In the Bayhorse quadrangle much the greater part of the 
formation is composed of magnesian limestone, commonly gray but lo- 
cally white or black. Chert nodules, bands, and lenses, nearly black on 
fresh fracture and brownish on weathered surfaces, are commonly pres- 
ent, especially in the lower part of the formation. Locally such lenses 
are large enough to be mapped separately. Most of the limestone is mas- 
sive, with well-defined beds commonly over a foot thick. Minor amounts 
of thin-bedded, more or less shaly limestone are present at many places, 
and thin, laminated, shaly and sandy partings are common. On upper 
Broken Wagon Creek the lower part of the formation contains an excep- 
tionally large proportion of dark-gray shaly and sandy limestone. 

East of Sage Creek, farther south, there is a band of conglomerate, 
interleaved with sandy quartzite, grit, and shaly limestone that varies in 
thickness from a few feet to more than 200 feet. This member appears 
to be about 1500 feet stratigraphically above the base of the formation. 

Umpleby’s description ** and the writer’s observations show that the 
calcareous beds of Brazer age in the Lost River and the White Knob moun- 
tains and farther east are essentially like those in the Bayhorse quadrangle, 


«J. B. Umpleby: Geology and ore deposits of the Mackay region, Idaho, U. 8. Geol. 
Survey, Prof. Pap. 97 (1917) p. 27-82. 
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just described. For convenience, such miscellaneous data as are avail- 
able in regard to the lithology of these beds are given in connection with 
the descriptions of the numerous fossil collections that have been ob- 
tained from them. 

Within the Bayhorse quadrangle the Brazer limestone must be fully 
2000 feet thick, and the top is not reached. Umpleby estimates that the 
similar beds in the Lost River Range may have an aggregate thickness 
of over 6000 feet. He observed partial sections of 1000 to 4000 feet in 
several localities. 


Age.—Fossils are widespread in the Brazer limestone of south-central 
Idaho, although in many places they are neither sufficiently diversified nor 
well enough preserved for satisfactory identification. All available data 
in regard to such fossils, except those already given in connection with 
the Milligen formation, are summarized below. The arrangement adopted 
is roughly geographic, proceeding south and east from the Bayhorse quad- 
rangle. All determinations were made by G. H. Girty, and the collection 
numbers given are those of the United States Geological Survey’s perma- 
nent record of Carboniferous fossils. Collections made by J. B. Umpleby 
are listed in his report on the Mackay region already referred to. 


6734. Bayhorse quadrangle, west slope of summit of “Walker Way” road 
from East Fork toward Mackay, Idaho. Collected by C. P. Ross, June 18, 1929. 


Stenopora sp. Pustula aff, P. indianensis 
Fenestella sp. Productus sp. 
Cystodictya aff. C. lineata Composita? sp. 


6735. Bayhorse quadrangle, Willow Creek Summit, on Mackay-Challis high- 
way, Custer County, Idaho. Collected by C. P. Ross and V. E. Scheid, July 


16, 1929. 

Cup corals Camarotoechia aff. C. mutata 

Fistulipora sp. Dielasma sp. 

Batostomella? sp. Girtyella turgida? 

Anisotrypa? sp. Spirifer bifurcatus? 

Fenestella Spiriferina spinosa? 

Rhombopora sp. Composita aff. C. levis 

Cystodictya sp. Cleiothyridina hirsuta 

Productus aff. P. burlingtonensis Avoculipecten sp. 

Productus scitulus Conocardium sp. 

Productus sp. Griffithides sp. 

Pustula aff. P. alternata Eumetria verneuiliana 

Pustula aff. P. blairi Paraparchites sp. 
aay 6736. Bayhorse quadrangle near foot of “Walker Way” grade on Mackay 
= side, Custer County, Idaho. Collected by C. P. Ross and V. E. Scheid, July 


16, 1929. 
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Cup corals Productus brazerianus 
Stenopora sp. Productus scitulus? 
Batostomella sp. Pustula aff. P. subsulcata 
Fenestella several sp. Camarophoria? sp. 
Polypora several sp. Cleiothyridina hirsuta 
Cystodictya aff. C. lineata Sphenotus sp. 


Chonetes aff. C. illinoisensis 
7097. Near Road Canyon triangulation station, in sec. 32, T. 10 N., R. 21 E. 
Collected by Thomas H. Hite. 


Cheilotrypa? sp. Composita sp. 

Cystodictya? sp. Cleiothyridina aff. C. sublamellosa 
Productus brazerianus Euomphalus aff. E. planidorsatus 
Productus aff. P. burlingtonensis Euomphalus sp. 

Reticularia sp. Loronema? sp. 


7096. Anderson Peak. Collected by Thomas H. Hite. 
Triplophyllum sp. 
Campophyllum? sp. 
Lithostrotion sp. 
7098. Near bench mark 8723, in sec. 25, T. 10 N., R. 20 E. Collected by 
Thomas H. Hite. 
Fistulipora sp. 
Rhombopora sp. 
Productus brazerianus 
Productus sp. 
Composita? sp. 
7095. Sec. 30, T. 10 N., R. 21 E., half a mile up old road from Road Creek 
road toward Anderson Peak. Collected by Thomas H. Hite. 


Zaphrentis sp., perhaps Z. (Cyathophyllum) multilamella 


Brazer limestone constitutes the principal rock exposed on both sides of 
Double Springs Pass in the Lost River Range. Most of it is in thick beds 
of white crystalline dolomitic limestone, but some beds are platy. The 
beds are intensely deformed and intricately crumpled. 

Three fossil collections made in this locality by V. E. Scheid and the 
writer were found by G. H. Girty to contain the following: 

6733. Southeast side of Double Spring Pass, Pahsimeroi, or Lost River, 


Mountains, Custer County, Idaho. Near 6733a but probably somewhat 
higher in section. Collected by C. P. Ross, July 15, 1929. 


Lithostrotion aff. L. fleruosum Composita aff. C. levis 


Pentremites? sp. Cleiothyridina hirsuta? 
Camarophoria sp. Cypricardella sp. 
Pugnoides? n. sp. Glyptobasis? sp. 


Girtyella? sp. 


6733a. Southeast side of Double Springs Pass, Pahsimeroi Mountains, Custer 
County, Idaho. Collected by C. P. Ross, July 15, 1929. 
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Syringopora sp. Pustula aff. P. indianensis 
Cup corals Composita aff. C. Levis 
Stenopora? sp. Euomphalus? sp. 
Productus sp. Bairdia? sp. 


6740. Lost River Mountains, Idaho, northwest side of Double Springs Pass, 
on slopes of Double Springs Peak. Collected by V. E. Scheid, June 15, 1929. 
Cup corals Fenestella sp. 
Echinocrinus sp. Bellerophon sp. 
Batostomelila sp. 


Essentially similar limestone, also contorted, forms the flanks of Pass 
Creek Canyon, east of Mackay, for a distance of 2.4 miles by road trans- 
verse to the trend of the Lost River Range. A fossil collection made near 
the northeast end of this exposure visited by the writer in 1929 was found 
by G. H. Girty to contain cup corals, Lithostrotion sp., Productus ovatus, 
and Pentremites sp. On another collection, obtained near the west portal 
of the canyon, Girty reported as follows: 


6741. Lost River Mountains, Idaho, west end of Pass Creek Canyon (Little 
Lost River side) near Mackay, Idaho. Collected by C. P. Ross, July 17, 1929. 


Cup corals Pustula aff. P. vittata 
Cyathophyllum sp. Spirifer aff. 8. pellensis 
Palaecacis n. sp. Reticularia setigera? 
Pentremites sp. Spiriferina aff. 8. transversa 
Fistulipora sp. Composita sp. 

Stenopora sp. Euphemus? sp. 

Batostomella sp. Pleurotomaria sp. 

Fenestella sp. Naticopsia sp. 

Dichotrypa sp. Straparollus? sp. 

Productue sp. Platyceras sp. 


Paraparchites sp. 


Two of Umpleby’s numerous collections of Mississippian fossils, all of 
which were determined by Girty, were obtained along the Pass Creek road, 
1.5 miles west of the summit and consequently 3.7 miles east of the more 
easterly of the two just mentioned. One of them (546-5), from massive 
limestone, contains Syringopora aff. S. surcularia, Campophyllum? sp., 
Productus aff. P. inflatus, and Spirifer keokuk var. 

The other (546-8), from medium-bedded limestone about 1000 feet 
thick and stratigraphically above the first, contains Syringopora sp., Cam- 
pophyllum? sp., Orthotetes kaskaskiensis, and Composita subquadrata. 

Umpleby also collected fossils at intervals through a 2000-foot section of 
the Mississippian beds in Pass Creek Canyon, with the results listed below: 


1141. From talus in lower 500 feet of 2000-foot section exposed in Pass Creek 
Canyon. The collection was separated into four lots according to probable 
stratigraphic horizons. 


: 
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Zaphrentis? sp. 
Lithostrotion whitneyi? 
Ptilopora sp. 

Fenestella several sp. 
Cystodictya lineata? 
Rhombopora? sp. 
Bactropora sp. 
Batostomella sp. 

Stenopora sp. 

Crania sp. 

Chonetes aff. C. illinoisensis 
Productus punctatus 
Avonia arkansanus?f 
Productus parvus? 
Productus sp. 

Pustula aff. P. indianensis 
Camarophoria thera? 
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Girtyella brevilobata 
Dielasma aff. D. formosum 
Spirifer arkansanus? 
Spirifer keokuk var. 
Spirifer sp. 

Spiriferina sp. 

Martinia sp. 

Composita trinuclea? 
Cleiothyridina sublamellosa? 
Hustedia sp. 

Myalina aff. M. sanctiludovici 
Aviculipecten morrowensis? 
Schizodus? sp. 

Solenospira aff. S. attenuata 
Grifithides sp. 

Bairdia sp. 


1141a. In same section, principally above 1141: 


Zaphrentis stansburyi? 
Lithostrotion? sp. 

Amplerus sp. 

Cathophyllum subcaespitosum? 
Cystodictya lineata? 


Batostomella sp. 

Schizophoria aff. 8S. resupinata 
Productus latissimus 
Cleiothyridina sublamellosa? 


1141b. Principally higher in the section than 114la: 


Fenestella sp. 
Batostomella sp. 

Productus aff. P. parvus 
Productus aff. P. inflatus 


Dielasma sp. 
Spiriferina sp. 
Cleiothyridina sublamellosa? 


1141¢c. Principally higher in the section than 1141b: 


Zaphrentis sp. 
Stenopora sp. 
Schuchertella? sp. 
Diaphragmus elegans? 


Productus sp. 


Dielasma sp. 
Spirifer keokuk var.? 


Cleiothyridina sublamellosa? 


1142. About two thirds of the way up in the Pass Creek section: 


Batostomella sp. 
Dielasma sp. 


Productus latissimus? 


1143, Near the top of the Pass Creek section: 


Zaphrentia sp, 
Dielasma sp. 


Cleiothyridina? sp. 


The lower part of this section consists of beds of dark-blue limestone 
as much as twenty feet thick, through which are sparsely scattered lenses 


and nodules of chert. 


This series grades upward into a shaly limestone 


in beds one to two feet thick in the upper third of the section. 


Angular measurements by S. S 


. Philbrick show that in a cliff face 


northeast of the head of Elbow Canyon there is, above the supposed Milli- 
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gen beds previously mentioned, about 1200 feet of limestone, probably 
belonging to the Brazer. Umpleby ** obtained Zaphrentis eacentrica? 
and Productus latissimus from talus blocks in this canyon. 

In the upper reaches of Joggle Canyon, east of Mackay, Umpleby meas- 
ured a section about 4000 feet in total thickness, of which the lower 1900 
feet is probably to be correlated with the Milligen formation. Above the 
Milligen(?) is 200 feet of dark limestone in thin beds, which become 
thicker upward and lie beneath a medium-bedded limestone of distinctive 
reddish-buff and blue color, 350 feet thick, containing Lithostrotion three 
sp. and Syringopora sp. Next above this is 300 feet of massively 
bedded dark-blue siliceous limestone, which yielded the fossils listed be- 
low (1136): 


Zaphrentis sp. Productus aff. P. setiger 
Syringopora sp. Productus sp. 

Lithostrotion whitneyi Camarophoria explanata? 
Melonites? sp. Spirifer keokuk var. 

Crinoid Cleiothyridina aff. C. sublamellosa 
Rhipidomella nevadensis Paraparchites sp. 


Productus aff. P. parvus 


This limestone grades upward into 100 feet of buff sandstone, followed 
by 100 feet of clayey limestone, which weathers bright red and contains 
Lithostrotion whitneyi and Lithostrotion sp. Above this, 1050 feet of 
thick-bedded blue limestone, remarkably free from partings along the 
bedding, continues to the summit; Zaphrentis stansburyi? occurs in the 
lower 200 feet of this unit. 

In the White Knob Mountains, west of Mackay, the Brazer beds, which 
Umpleby estimates as having a thickness of about 4000 feet, comprise a 
monotonous succession of almost uniformly dark-blue dolomitic limestone 
with chert in nodules, lenses, and bands, particularly in the lower beds. 
Locally, chert makes up as much as 25 percent of the mass. In the Em- 
pire mine and similar ore deposits, which are, for the most part, close to 
Tertiary granitic intrusions, the beds are locally almost completely re- 
placed by the products of igneous metamorphism. Where the metamor- 
phism has been somewhat less intense the rock is recrystallized into coarse 
white marble. Umpleby collected Syringopora sp., Fistulipora sp., and 
Fenestella sp. from beds near the middle of the sequence, about 1000 feet 
east of the Alberta portal, Empire mine, and Campophyllum? sp. and 
Zaphrentis sp. near the top of the section in the same locality. The 
writer in 1929 collected Syringopora sp., Productus sp., and Cletothyridina 
hirsuta near the portal of the Alberta tunnel, 


“J.B. Umpleby: op. cit., p. 27-20. 
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In addition to the collections already mentioned, Umpleby made a num- 
ber of others at scattered localities in the Lost River Range and the Arco 
Hills. Girty’s reports on these collections are listed below: 


533. Semi-massive limestone near head of Ramshorn Canyon: 
Orthotetes kaskaskiensis? Brachythyris aff. B. peculiaris 
Chonetes aff. C. burlingtonensis Spiriferina sp. 


534. Massive blue limestone forming lower part of range east from Moore, 
near top of lower 1200 feet of exposed beds: 


Batostomella sp. Cleiothyridina hirsuta 
Stenopora sp. Nucula levatiformis? 
Rhombopora sp. Nucula rectangula? 
Streblotrypa sp. Cypricardella oblonga 
Cystodictya sp. Sphenotus sp. 

Orthotetes kaskaskiensis? Euomphalus similis var. planus 
Productus ovatus Platyceras sp. 

Productus inflatus? Holopea proutana? 

Girtyella turgida var. elongata Holopea un. sp. 

Spirifer keokuk var. Loronema yandellanum yar. 
Spiriferina sp. Aclisina turritella? 
Martinia sp. Pleurotomaria, three n. sp. 
Composita subquadrata Kirkbya sp. 

535. Massive blue limestone about halfway up Elkhorn Canyon: 
Campophyllum? sp. Diaphragmus elegans 
Anisotrypa sp. Girtyella turgida? 
Batostomella? sp. Spirifer keokuk var. 
Fenestella sp. Composita trinuclea 
Orbiculoidea? sp. Cleiothyridina hirsuta 
Crania? sp. Conocardium sp. 

Orthotetes kaskaskiensis? Aviculipecten, two sp. 
Chonetes sp. Paraparchites sp. 
Pustula punctata Bairdia sp. 
Productus ovatus Grifithides sp. 

537. Slide rock, altitude 8300 feet, on slope three miles northeast of Mackay: 
Zaphrentis multilamella? Rhombopora sp. 
Batostomella sp. Chonetes sp. 

Fenestella sp. Productus sp. 


Cystodictya? sp. 


548. Limestone at quarry near Arco: 
Crinoidal fragments Spirifer keokuk var. 
Stenopora? sp. Composita? sp. 
Productus inflatus 


545. Limestone beds about four miles east of Arco: 
Zaphrentis multilamella? 


} ? 
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546. Massive limestone exposed in 1000-foot section, six miles north-north- 
east of Arco: Zaphrentis multilamella? 
Syringopora sp. 
1. Limestone bed, 100 feet thick, five miles east of Mackay: 
Fenestella sp. Cystodictya? sp. 
Polypora sp. Productus aff. P. ovatus 
Rhombopora sp. 
2. Limestone 5.5 miles east of Mackay: 
Syringopora aff. 8. surcularia 
Crinoid stems 


55. Massive limestone 35 miles northeast of Arco (in central part of T. 9 N., 

R. 31 E.): 
<A sp. Productus aff. P. inflatus 
Avonia aff. A. arkansana? 

Upper Mississippian (Brazer?) limestone is exposed south of Gilmore 
on the east side of the Lemhi Range. A collection made by Umpleby *° 
in this locality was reported by Girty to contain the following forms, some 
of the identifications being more or less doubtful: 

Lithostrotion martini Edwards and Haime Clisiophyllum teres Girty 


Lithostrotion portlocki McCoy Composita sp. 
Syringopora surcularia Girty Fenestella sp. 


Rocks that lithologically resemble the Brazer are abundant in the 
Beaverhead Mountains from the vicinity of Leadore southward, but as yet 
have been little studied. Shenon ** reports that upper Mississippian beds, 
aggregating at least 3500 feet, are exposed in the Birch Creek district. 
The section in the vicinity of Skull Canyon in this district comprises a 
monotonous succession of bluish-gray, massive and thin-bedded, slightly 
magnesian limestone, containing some organic matter, and a few beds of 
dark-gray shale. At some horizons there is considerable black chert in 
streaks and nodules. Some beds contain numerous cup corals, and others, 
although largely recrystallized, are composed almost wholly of crinoid 
remains. Girty found that the cup corals include Zaphrentis stansburyi? 

In connection with his report on the Mississippian fossils collected by 
the writer and his assistants, Girty made the following statement :*7 

“Corals form a considerable part of most of these collections—many 


of them fragments, others coarsely silicified—and it is perhaps worthy 
of note that some at least were broken and fragmentary prior to their 


“J. B. Umpleby: Geology and ore deposite of Lemhi County, Idaho, U. 8. Geol. Sur- 
vey, Bull. 528 (1913) p. 35. 

“Pp. J. Shenon: op. cit., p. 7-8. 

“C. P. Ross: Geology and ore deposite of the Seafoam, Alder Creek, Little Smoky, 
and Willow Creek mining districts, Custer and Camas Counties, Idaho, Idaho Bur. Mines 
and Geol., Pamph. 33 (1930) p. 10-11. 
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fossilization. Now, our American corals generally have not been care- 
fully studied, and the material in these collections could only be classi- 
fied with great expenditure of time and with little certainty of result. 
Consequently these fossils are not included in the faunal lists appended 
to this report. They can be covered under the general statement that 
most of them are cup corals and that corals of the Lithostrotion type 
are very scarce. Most of the cup corals probably come under the genera 
Triplophyllum and Cyathophyllum (as commonly identified) and a 
few under Zaphrentis and Clisiophyllum. Besides the cup corals and 
one or two specimens of Lithostrotion the collections contain also one 
or two specimens of Syringopora. 

“Although the fossils here under consideration are of more or less 
uncertain identity individually, the same is not true of their several 
assemblages, all of which 1 regard as upper Mississippian or at least 
post-Madison in age. They would thus fall within the limits of the 
Brazer limestone. Regarding the collections that contain the more 
varied and more distinctive faunas, this opinion is offered with con- 
siderable confidence. Regarding the others, the only doubt rests in the 
absence of evidence that is confirmatory and not in the presence of 
evidence that is contradictory. None of the local faunas suggest to 
me either Madison on the one hand or Pennsylvanian on the other, and 
unless the stratigraphic evidence demands something higher or lower 
than the Brazer, all of them should, from the paleontologic evidence fur- 
nished, be referred to that horizon. 

“If of Brazer age, the beds from which these collections come should 
be equivalent to beds in the nearby Lava Creek district, and their 
faunas should be related. Mr. Anderson studied the geology of the 
Lava Creek district and made collections of fossils upon which I re- 
ported. I regard the faunas of the different areas in the very im- 
perfect form in which they have come to me as more or less equivalent 
in age but more or less unlike in facies. The Brazer of southeastern 
Idaho contains three or four faunas of rather distinctive aspect. The 
collections in which they are shown are not sufficiently tied in with 
measured sections to indicate whether the faunas occupy definite 
zones or represent merely local facies. That some of the facies are 
of local nature (as where the collections contain corals in abundance 
and little else) seems probable, and all may be so. For the time 
being, at least, these faunas, though varying in type, are included in 
the Brazer fauna. A facies distinguished by Leiorhynchus cardon- 
iferum and Productella hirsutiformis characterizes most of the collec- 
tions from the Lava Creek district. This facies has been recognized 
in the Brazer of southeastern Idaho, but it is not represented in the 
collections made by Mr. Ross. Mr. Ross’s collections, however, corre- 
spond to other facies of the Brazer in that same region.” 


Wood River formation 


Distribution The Wood River formation and closely related beds are 
probably co-extensive with the Carboniferous formations previously dis- 
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cussed. To date the name has been restricted in mapping to beds of Penn- 
sylvanian age in the Hailey, the Sawtooth, the Custer, and the Bayhorse 
quadrangles. 

One belt of the formation extends northwestward across the cen- 
ter of the Hailey quadrangle. Here, the formation occurs in three, 
roughly parallel, faulted synclines. The one to the southwest is shown 
only by isolated outcrops on the tops of the hills. The second, and larger, 
area occurs on both sides of the Big Wood River, south of Ketchum, ex- 
tending both south and west of the Hailey quadrangle. A smaller area 
occurs on both sides of the Big Lost River, in the northeast corner of the 
quadrangle. There appears to be a continuation of this mass along Pinto 
Creek, in the southeastern part of the Bayhorse quadrangle, although the 
correlation of the strata here is in some doubt. 

The formation is covered in the northwestern part of the Hailey quad- 
rangle by the Challis volcanics, but it appears again on both sides of the 
south end of Stanley Basin, in the Sawtooth quadrangle. It extends in 
essential continuity thence northward through the Custer quadrangle 
into areas south and southeast of Bonanza. 

As noted in the description of the Milligen formation, Wood River 
beds are probably abundant near Muldoon, and they appear to extend from 
that locality into the Lava Creek district. Beds that are in part surely 
and in part probably of Pennsylvanian age are known at intervals from 
Ramshorn Canyon, in the Lost River Range, southward through the Arco 
Hills just north of Arco, Butte County. The proportion of the beds 
similar to those in the type locality is sufficient to warrant the applica- 
tion of the name. 

Strata that appear to accord in all essential respects with the Wood 
River formation crop out in several places in the southern part of the 
Beaverhead Mountains,** and may also be present in the Lemhi Range.*® 


Character.—The term, Wood River formation, has been applied to the 
quartzitic and other sedimentary rocks of Pennsylvanian age in and near 
the Hailey quadrangle,®° by a restriction of Lindgren’s original use of that 
name, 

The basal part of the Wood River formation consists, in the main, of 
calcareous and quartzitic conglomerate. On account of its hardness the 
conglomerate forms conspicuous ledges and cliffs, and as it marks one of 


“Pp. J. Shenon: Geology and ore deposits of the Birch Creek district, Idaho, Idaho 
Bur. Mines and Geol., Pamph. 27 (1928) p. 8. 

“J. B. Umpleby: Geology and ore deposits of the Mackay region, Idaho, U. 8. Geol. 
Survey, Prof. Pap. 97 (1917) p. 30. 

* J.B. Umpleby, L. G. Westgate, and C, P. Ross: Geology and ore deposits of the Wood 
River region, Idaho, U. 8. Geol. Survey, Bull. 814 (1980) p. 1, 24-25. 
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the few recognizable horizons it is of the greatest value in working out the 
structure of the Hailey quadrangle. It is thick-bedded and averages 300 
to 400 feet in thickness. East of Hailey it has a thickness of 500 feet, 
and on the divide between Wilson Creek and the Big Lost River it reaches 
800 feet. Pebbles of black flint or gray quartzite, two or three inches 
in diameter, lie in a quartzitic groundmass. Except where sandstone 
layers are present it is generally impossible to recognize the bedding. In 
places, layers of gray sandy limestone are interbedded in the conglomerate. 

Here and there the conglomerate occurs in lenticular beds. Near the 
head of Eagle Creek and in other localities there are two or more beds of 
conglomerate separated by calcareous and quartzitic beds. For short dis- 
tances along the base of the formation no conglomerate is exposed. In 
some places it has doubtless been cut out by faulting, but in others it may 
never have been deposited. 

Immediately above the conglomerate there are generally thick beds of 
dark-blue sandy limestone containing an abundant coral and brachiopod 
fauna. At one locality, near the Little Wood River, layers of fine con- 
glomerate are interbedded in the limestone. This limestone is easily 
recognized by its lithologic character and its fossil content. It lies near 
the base of the Wood River formation and can be used in deciphering 
structure where the conglomerate is absent. 

Above the blue limestone is black, impure limestone, which is thin- 
bedded and weathers to lavender fragments and slabs. Some beds are 
comparatively thick. On the west side of Trail Creek, 1200 feet of this 
limestone were measured. 

The greater part of the formation is calcareous and quartzitic, thick- 
bedded, sandy cross-bedded sandstone. Typical beds are well exposed on 
both sides of Trail Creek, north from Wilson Creek. On Corral Creek a 
thickness of 2800 feet is exposed. The more siliceous varieties are light 
gray and rather fine. Many of the original grains have been secondarily 
enlarged, and some mica and other impurities are commonly present. 
The rock containing calcareous material is darker and generally weathers 
rusty. Such rock consists essentially of angular to subangular quartz 
with minor amounts of feldspar, muscovite, magnetite, carbonaceous ma- 
terial, and zircon in a fine-grained calcareous cement. Interbedded are 
darker medium-bedded rocks of distinctly dolomitice character. 

A slightly different facies of the formation, found near the southwest 
corner of the Hailey quadrangle, is a blue-black fine-grained siliceous and 
carbonaceous limestone, weathering dark gray. It is commonly laminated, 
alternating bands varying in the proportion of siliceous and carbonaceous 
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matter. In some places the bands of more siliceous material are irregular 
and appear to be flintlike masses. 

In the upper part of the formation a dark fine-grained calcareous sand- 
stone is typical. The fresh surface bears a characteristic bluish and 
brownish-black mottling. The bedding is even and in places as much as 
five feet thick. Thin bands of shaly rock, which accentuate the bedding, 
are common. Weathered surfaces are generally rusty brown and in some 
places brownish gray. 

Interbedded in these calcareous sandstones are massive beds of black 
flint, as much as ten feet thick, which break into bands, one to two, and 
in some places as much as six, inches thick. Blue-black limestone, weather- 
ing blue-gray and containing bands and lenses of black chert, is interbedded 
at a few horizons. In these gray limestone layers the gastropod fauna 
mentioned below (group 2) was found. Beds of quartzitic sandstone like 
that previously described are intercalated in places. 

Over 2500 feet of these calcareous and argillaceous sandstones, with 
their flint, limestone, and sandstone layers, are exposed south of upper 
Trail Creek. 

On the high hills between the Big Lost River and its East Fork the 
Wood River formation contains more than 1100 feet of coarse conglomerate 
with well-rounded boulders having a maximum diameter of over a foot. 
West of Wildhorse Creek a boulder, three feet in diameter, was seen. 

No single continuous and complete section of the formation has been 
found in the Hailey quadrangle. Separate sections, which differ from one 
another in lithologic character and so are believed not to overlap in any 
considerable degree, give a total of 7700 feet. In all probability these 
measured sections do not represent the whole of the formation, and 8000 
feet is taken as a minimum thickness in this part of the region. The 
longest continuous section in the Hailey quadrangle is the one measured 
at the junction of the East Fork with the Big Lost River, 6700 feet. East 
of Bellevue, a short distance south of the Hailey quadrangle, a section 
amounting to 7115 feet has been measured."* 

In the northern part of the Sawtooth quadrangle and the southern part 
of the Custer quadrangle the rocks assigned to the Wood River formation 
are essentially identical in general lithologic character with those in the 
Hailey quadrangle. Close to some of the igneous contacts here, and to 
an increasing extent northward, the strata have, however, undergone in- 
tense igneous metamorphism. This has so altered their appearance that 


% J. B. Umpleby: Geology and ore deposits of the Mackay region, Idaho, U. 8. Geol. 
Survey, Prof. Pap. 97 (1917) p. 30. 
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only by tracing them through the progressive changes could the more 
thoroughly metamorphosed strata be identified with the formation. 

The less metamorphosed rocks are mainly quartzite. With increase in 
impurities, especially carbonaceous matter, they vary from light gray to 
nearly black. Many are somewhat calcareous, and the more limy beds 
tend to weather rusty. 

Limestone beds are distinctly subordinate to quartzite in the southern 
part of the Custer quadrangle and the northern part of the Sawtooth 
quadrangle. It appears, however, that the more conspicuous metamor- 
phism farther north results to some degree from an increase in easily re- 
placeable limestone beds. In the moderately metamorphosed beds along 
lower Warm Springs Creek more or less impure limestone makes up the 
greater part of the formation. Probably this was originally true also 
along upper Slate and Livingstone creeks, where the metamorphism is 
at its maximum. Although much of the quartzite is somewhat argilla- 
ceous, shaly material is nowhere abundant and is commonly confined to 
thin partings spaced several feet apart. Nearly everywhere, outcrops of 
this formation have a massive appearance. Finer banding and cross- 
bedding are, however, almost invariably perceptible on close inspection. 

Conglomerate occurs in several localities at or near the base of the 
formation, but it is not as conspicuous or constant a feature as in the 
Wood River region. The more abundant pebbles are quartz and quartzite, 
but the matrix is somewhat softer, and the rock is consequently less 
resistant to weathering than in the type locality. The larger masses of 
conglomerate are shown in Figure 1, but in several places there are thin 
conglomerate beds or scattered pebbles in quartzite and limestone. Al- 
though these cannot be shown on such a map as Figure 1, they serve to 
mark the horizon elsewhere distinguished by more massive conglomerate. 

The outstanding feature of the metamorphism is the conversion of nor- 
mally somber beds into dazzling white rocks. This results, in part, from 
elimination of organic matter but mainly from the abundant development 
of white wollastonite and diopside. In the limestone beds not thoroughly 
replaced by silicates the recrystallization of the calcite has bleached the 
rock, 

In the southeastern part of the Bayhorse quadrangle the rocks along 
Pinto Creek comprise an alternating series of conglomerate, grit, and 
carbonaceous argillite. Individual beds range from a few inches to fifteen 
feet in thickness. The pebbles in the conglomerate are well rounded, 
rarely over an inch in diameter, and include chert, quartzite, and argillite. 
The grits vary markedly in size of grain and make up a much larger 
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proportion of the whole than in other exposures of the Wood River forma- 
tion. Some of the argillite and argillaceous grit has fairly well developed 
slaty cleavage. The grit and argillite along Pinto Creek differ little from 
those portions of the rocks assigned to the Milligen north of Broken 
Wagon Creek, which are exceptionally coarse. The latter are clearly Milli- 
gen, for they lie beneath the Brazer and above the Grand View and include 
a large proportion of typical argillite. The relation between the rocks on 
Pinto Creek and the Milligen strata immediately to the north is indeter- 
minate, because Tertiary conglomerate masks the contact. It may even- 
tually be shown that some portion of the rocks heretofore mapped as be- 
longing to the Wood River formation in the northeastern part of the 
Hailey quadrangle are Mississippian rather than Pennsylvanian ; hence, 
that they, and their northward continuation in the valley of Pinto Creek, 
properly belong to the Milligen formation. On this assumption, the 
Brazer limestone, which is absent in the Hailey quadrangle, must thin 
out completely in the short distance (about three miles) between Pecks 
Canyon and the northeastern part of the Hailey quadrangle. 

Near the summit of the Lost River Range, east of Moore, 500 feet of 
Pennsylvanian beds are exposed. They rest on, and are strikingly dif- 
ferent from, the underlying Brazer limestone. They comprise mainly 
thin-bedded siliceous rocks, which weather to smooth slopes broken by 
cliffs. One, about 250 feet above the top of the Brazer, is 30 feet high, and 
made up of alternating layers of cherty limestone and nodular sandstone ; 
another, 15 feet high, 200 feet farther up the slope, is made up of thin- 
bedded sandy and cherty limestone. Umpleby noted Pennsylvanian lime- 
stone at the head of Ramshorn Canyon, along the crest of the Lost River 
Range, and in the first rocky point east of Arco. The limestone in the 
quarries immediately north of Arco appears also to be Pennsylvanian, 
although, as noted below, the fossils collected here are somewhat ambiguous. 

In and near the Birch Creek district, in the southern part of the Beaver- 
head Mountains, lower Pennsylvanian rocks are extensively exposed.*? 
The Mississippian limestone is overlain by pink shale and thin-bedded 
pinkish limestone, succeeded by buff sandstone and quartzite with inter- 
bedded gray sandy fossiliferous limestone. Still higher in the sequence 
there is massive bluish-gray limestone with bands of black chert. The 
total thickness is probably several thousand feet. 


Age.—The fossils collected from the Wood River formation in the 
course of Westgate’s mapping of the Hailey quadrangle were divided by 


6p, J. Shenon: op. cit., p. 8. 
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Girty into the four groups listed below. Westgate °* notes that these 
faunal groups are independent of stratigraphic position within the forma- 
tion but correspond to lithologically similar containing rocks—that is, the 
grouping is determined by bottom conditions during deposition rather 
than by age. 


Fossils from the Wood River formation in the Hailey quadrangle 


Group 1 
Fusulina secalica Batostomella sp. 
Zaphrentis sp. Polypora sp. 
Echinocrinus sp. Rhombopora sp. 
Stenopora aff. S. carbonaria Bellerophon sp. 
Group 2 
Zaphrentis sp. Plagioglypta aff. P. canna 
Batostomella? sp. Bellerophon sp. 
Chonetes aff. C. geinitzianus? Euphemus sp. 
Productus cora group Pleurotomaria sp. 
Martinia sp. Euomphalus sp. 
Ambocoelia sp. Euomphalus aff. E. planidorsatus 
Group 3 
Zaphrentis sp. Productus aff. P. gruenewaldti 
Amplerus? sp. Productus aff. P. porrectus 
Campophyllum sp. Productus aff. P. lineatus 
Syringopora sp. Schizophoria resupinoides? 
Michelinia? sp. Spirifer aff. S. nikitini 
Rhombopora sp. Spirifer aff. S. cameratus 
Orbiculoidea Spirifer aff. 8S. rockymontanus? 
Schuchertella n. sp. Ambocoelia sp. 
Chonetes geinitzianus var. Hustedia? sp. 
Chonetes mesolobus var. Hustedia mormoni? 
Productus semireticulatus Hustedia mormoni var. 
Productus cora Cleiothyridina? sp. 
Productus aff. P. subhorridus Cleiothyridina aff. C. orbicularis 
Productus lineatus Euomphalus sp. 
Productus aff. P. nebraskensis Griffithides? sp. 
Group 4 
Zaphrentis sp. Chonetes sp. 
Campophyllum n. sp. Productus cora group 


Michelinia? n. sp. 


The two collections listed below, determined by Girty, came from the 
thick section in Muldoon Canyon,™ southeast of the Hailey quadrangle, 


63 J. B. Umpleby, L. G. Westgate, and C. P. Ross: op. cit., p. 34. 
5% J. B. Umpleby : Geology and ore deposits of the Mackay region, U. S. Geol. Survey, 


Prof. Pap. 97 (1917) p. 31. 
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mentioned on page 988. The upper one appears to belong in Girty’s 
Group 1, and the lower one in his Group 3. 


228. 
Campophyllum sp. Pustula aff. P. porrecta 
Rhombopora sp. Productus aff. P. lineatus 
Productus aff. P. gruenewaldti Ambocoelia sp. 

229. 


Fusulina secalica 
Echinocrinus sp. 
Batostomella sp. 


The 15-foot bed in the upper part of the Pennsylvanian section east of 
Moore (p. 990) yielded the following forms (lot 539) : 


Batostomella sp. Pustula symmetrica? 
Productus semireticulatus Spirifer rockymontanus 
Productus cora Composita subdtilita 


Two other collections obtained by Umpleby in this part of the region 
were determined by Girty as follows: 
538. Massive blue limestone which forms the divide at head of Ramshorn 
Canyon: 
Chaetetes milleporaceus Productus semireticulatus 
Zaphrentis sp. Marginifera lasallensis? 
(may be Productus) 
544. Limestone in first point east of Arco: 


Batostomelia sp. 
Productus semireticulatus 
Pustula nebraskensis? 


All three of these collections are regarded by Girty as of probable lower 
Pennsylvanian age. A fourth collection, made at the writer’s request at 
the Arco quarry by A. L. Anderson, of the Idaho Bureau of Mines and 
Geology, and listed below, may likewise be Pennsylvanian : 


7106. Near limestone quarry at Arco. Collected by A. L. Anderson. 


Chaetetes milleporaceus Spirifer? sp. 

Chaetetes radians? Spiriferina aff. 8. spinosa 
Orbiculoidea sp. Composita? sp. 
Productus semireticulatus Eumetria sp. 

Productus cora (small var.) Bellerophon sp. 

Pustula? n. sp. Phanerotrema? sp. 


Pustula nebraskensis? 


Girty comments : 


“Of Lot 7106 I hesitate to say anything definite, for the faunal facies of 
that lot is unknown to me and the affinities suggested by certain types 
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are incompatible with one another. Brazer is suggested by some forms 
and Wells by others, and even Phosphoria can not be disregarded. The 
genus Eumetria is not known to range above the Mississippian but the 
single specimen so identified is poorly preserved so that the identification 
could not be asserted. The characters are more definitely those of 
Ewmetria than those of the Pennsylvanian genus Hustedia. The collec- 
tion seems to contain two species of Chaetetes which in itself is some- 
what anomalous, and Chaetetes is all but diagnostic of Pennsylvanian 
time. It abounds especially in the early deposits of the Pennsylvanian. 
The small Productid cited as Pustula? sp. is represented by several 
specimens, all of which are too poor to permit a satisfactory determina- 
tion of the genus. Certain features suggest one of the aberrant Productid 
genera such as Tegulifera, Strophalosia, or even Aulosteges, types, 
which in turn hint at a Permian age, but with a Permian age some of 
the associated forms could hardly be made to agree. The fauna certainly 
does not possess a characteristic Brazer facies, nor a characteristic Wells 
facies, but it appears more likely to be Wells than Brazer. The fact that 
it is so dissimilar to the other Brazer faunas of the same area is also 
not without significance.” 


A collection made by Shenon® in the Birch Creek district, in the 
Beaverhead Mountains, was reported by Girty to contain the following 
fossils : 


Stenopora aff. ‘S. ramosa Spirifer cameratus 

Fenestella sp. Spirifer opimus var. occidentalis 
Rhombopora lepidodendroides Squamularia perplera 
Productus aff. P. coloradoensis Hustedia multicostata 


Pustula aff. P. wallaciana 


The data summarized above show that the beds mapped with the 
Wood River formation and similar and closely related beds farther east 
are of Pennsylvanian age, and all the beds for which Girty suggests 
a closer correlation appear to have been laid down relatively early in 
that epoch. Hence, both in age and in lithology this formation resembles 
the Wells formation of southeastern Idaho more than any other. In 
its type locality it differs from the Wells in its much greater thickness, 
in the presence of abundant conglomerate at and near the base, and in 
other details. In the interest of simplified stratigraphic nomenclature 
the name, Wells, might have been provisionally extended to it were it 
not for the fact that Carboniferous rocks in the vicinity of Hailey have 
so long been known as Wood River formation. 


& Pp, J. Shenon: Geology and ore deposite of the Birch Creek district, Idaho, Idaho 
Bur. Mines and Geol., Pamph. 27 (1928) p. 8. 
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Casto volcanics 

Distribution—The Casto volcanics crop out over about 135 square 
miles in the Casto quadrangle. The largest mass extends from a point 
near Casto, diagonally northeastward across the middle of the quadrangle, 
past Meyers Cove. There are several relatively small masses, of which 
that in the vicinity of Warm Springs Creek ranger station is the largest. 
The large mass that occupies much of the area from the vicinity of Two 
Points Peak southward toward the Middle Fork of the Salmon River 
connects northwestward with another area of considerable size, which 
lies mainly north of the quadrangle. Beyond an interval occupied by 
younger rocks, the Casto volcanics again appear along Big Creek, near 
Clover. Another smaller area occurs somewhat farther west on and near 
Ramey Ridge, north of Edwardsburg. The formation has not been rec- 
ognized, and probably does not occur, west of Ramey Ridge. The Seven 
Devils volcanics, with which it appears to be equivalent, are present in 
the canyon of the Salmon River near White Bird, also somewhat to the 
east near Grangeville, in large areas in the Seven Devils Mountains, and 
both north and south of them on both sides of the Snake River. Vol- 
canism in the Seven Devils region, particularly in its southern part, 
occurred mainly in Permian time but persisted into the Triassic. 


Character.—Nearly all the Casto volcanics are of eruptive origin, and 
both flows and tuffs, are represented. The tuffs are largely waterlaid and 
contain little material not obviously of igneous origin. In a few places, 
coarse conglomerate contains metamorphosed sedimentary rocks in tuffa- 
ceous matrix. One bed of limestone was noted. Hydrothermal and 
dynamic metamorphism of the volcanic rocks makes precise determina- 
tion difficult. This is in marked contrast to the comparatively fresh 
vuleanic rocks of Tertiary age. Development of new minerals during 
metamorphism obscures bedding and details of structure and stratigraphy. 
Rarely, flow-banding in the lava and stratification in the tuff show the 
attitude of the strata. However, where other evidence is lacking, part- 
ings, best discerned at a distance, approximate the bedding and indicate 
the general attitude. 

Most of the flows have the approximate composition of sodic andesite, 
dacite, quartz latite, or latite. Flow breccias and coarse tuffs are present, 
and both are difficult to distinguish. These dominantly andesitic rocks 
are rather massive and, in general, present a monotonously uniform ap- 
pearance. They are generally dull purplish and greenish, but bluish, 
reddish, and yellowish rocks are included in places. 
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Locally, in the upper part of the formation, the predominantly dark 
rocks, cited above, give place to strikingly lighter-colored, rhyolitic flows. 
These are especially well developed on Sleeping Deer Peak and on the 
nearby ridges around the heads of the forks of Liberty Pole Creek. Some- 
what similar rocks are exposed in the valley of Bridge Creek and in 
less abundance in other localities in the northeastern part of the Casto 
quadrangle. 

Most of the rhyolitic rocks are fine grained, almost chertlike, without 
visible phenocrysts; others, especially on and near Sleeping Deer Peak, 
are strikingly spherulitic. These have a stony appearance and are pallid 
drab-gray to somewhat greenish gray—features which serve to distinguish 
them from the glassy, highly colored spherulitic rocks characteristic of 
parts of the Challis volcanics. Some of the light-colored rocks near 
Bridge Creek are pyroclastic, containing fragments of rhyolitic lava up 
to an inch in maximum diameter in an originally glassy matrix. 

The light-colored rocks consist so largely of devitrified glass that their 
composition is indeterminate under the microscope. They appear to con- 
sist essentially of orthoclase, sodic plagioclase, and quartz, with minor 
amounts of white mica and chlorite. They are, therefore, rhyolitic, but 
some may contain sufficient plagioclase to be classed as quartz latite. 

In most places the base of the formation is a coarse, poorly sorted 
conglomerate, rarely over a few score feet thick. Pebbles and boulders 
are in part derived from the underlying metamorphosed sedimentary 
rocks and in part from the andesitic Casto rocks. The angular discord- 
ance at the base and the marked difference in metamorphism point to pro- 
found unconformities. Some beds of conglomeratic tuff occur higher in 
the formation. 

The thickness of the Casto volcanics, as well as other details of their 
stratigraphy, vary materially from place to place. Nowhere has it proved 
practicable to describe stratigraphic sections in detail, nor to measure 
the total thickness directly, because of uncertainties of minor stratigraphic 
and structural details. Fully 5000 feet of beds belonging to the Casto 
volcanics must be present along the middle reaches of Loon and Warm 
Spring creeks. Both north and south from these areas the formation 
thins rapidly. South of Bonanza, along Yankee Fork, the Challis vol- 
canics rest directly on the Paleozoic rocks. A small mass of the Casto 
volcanics is exposed southwest of Bonanza. 

In the northern part of the Casto quadrangle, between Soda and 
Aparejo creeks, only about 2000 feet of Casto volcanics are exposed. 
Here, they are intruded by, and may have been in part displaced by, 
Miocene granite, but their rapid thinning to the east and north cannot 
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be thus explained. Near the head of Cave Creek a few hundred feet of 
Casto volcanics rest between metamorphosed sedimentary rock below and 
Challis voleanics above. Two and a half miles farther north the Challis 
volcanics lie directly on the eroded surface of Hoodoo quartzite. In the 
northwest corner of the quadrangle, however, the Casto volcanics again 
thicken. The complex faulting in that area has not been worked out in 
detail, but, with all due allowance for the faulting, it is clear that several 
thousand feet of this formation are present. In most of the region to 
the west the Casto volcanics are absent, but along Big Creek, near Clover, 
they are present to a thickness of about 1500 feet, and on Ramey Ridge 
the formation may be twice as thick. This wide local variation in thick- 
ness, within short distances, results mainly from deposition of Casto vol- 
canics on an erosion surface of considerable relief and their erosion before 
being covered by the Challis volcanics. Further details are given in the 
report on the Casto quadrangle.*® 


Age.—The Casto volcanics are the only stratified rocks in south-central 
Idaho of probable post-Pennsylvanian and pre-Tertiary age. This is in 
marked contrast to the great thickness of strata falling within these age 
limits on both sides of the region, especially in eastern Idaho and western 
Montana. The Casto volcanics contain few intercolated sedimentary 
rocks, and have yielded no fossils. However, their close resemblance to 
volcanic strata of known Permian (Phosphoria) age in western Idaho 
and eastern Oregon and the absence of any strata of other ages at all 
similar elsewhere in the general region led to the provisional assignment 
of this formation to the Permian.*’ 


INTERPRETATION OF THE RECORD 


Late in the pre-Cambrian or early in the Cambrian the widespread 
pre-Cambrian strata in Idaho were flexed and metamorphosed. The evi- 
dence for this is to be discussed in a subsequent paper.®® As a result of 
the deformation, much of south-central Idaho, and doubtless large areas 
to the west and north, emerged from beneath the waters of the Cordilleric 
geosyncline.*® The eastern part of south-central Idaho appears to have 
been submerged again, at least locally, during the Cambrian period. It 


%C. P. Ross: Geology and ore deposits of the Casto Quadrangle, Idaho, U. S. Geol. 
Survey, Bull. 854 (in preparation). 

°C. P. Ross: Ore deposits in Tertiary lava in the Salmon River Mountains, Idaho, 
Idaho Bur. Mines and Geol., Pamph. 25 (1927) p. 7. 

SC. P. Ross: Geology and ore deposits of south-central Idaho, U. 8S. Geol. Survey 
(in preparation). 

* Charles Schuchert : Sites and nature of the North American geosynclines, Bull., Geol. 
Soc. Am., vol. 34 (1923) p. 184-187; Outlines of historical geology, 2d ed. (1931) p. 106. 
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is improbable that the Cambrian seas in this region were either as wide- 
spread or as persistent as they were in southeastern Idaho.®° All beds 
of probable Cambrian age are east of longitude 114°50’. There is no 
suggestion of their presence within south-central Idaho west of longitude 
115° 30’. Fossiliferous Middle Cambrian beds are, however, present in 
northern Idaho “ in the vicinity of longitude 116° 30’. This indicates a 
westward bend in the shore line in Idaho, as shown on Schuchert’s maps 
for Middle and early Upper Cambrian time. 

It appears that during the Ordovician period, the Cordilleran geosyn- 
clinal depression, which in pre-Cambrian time had spread over the whole 
region, extended farther west than at any subsequent time. This is not 
reflected in current paleogeographic maps, because much of the evidence 
in support of it is to be found in western Custer and eastern Valley 
counties, hitherto studied only in reconnaissance fashion. The Ordo- 
vician seas lapped against, and locally embayed, the area later to be oc- 
cupied by the Idaho batholith. Locally, there are thick accumulations 
of marine sedimentary rocks representing most parts of the Ordovician 
system. Remnants of rocks of known or probable Ordovician age follow 
closely the eastern border of the Idaho batholith but appear to be entirely 
absent farther west. 

The conglomerate, locally present near the base of the Ramshorn slate, 
records deposition along beaches, or at and near stream mouths, of ex- 
ceptionally coarse material from a land long exposed to weathering. The 
outstanding feature of deposition at this time, however, was the abun- 
dance of fine argillaceous sediments, which, in the Hailey quadrangle at 
least, contain graptolites throughout. Such an abundance of graptolitic 
beds appears to imply deposition in a deep trough near or connected with 
an ocean rather than an epicontinental sea.** 

In late Middle Ordovician time, conditions changed to permit the 
deposition of coarser and more siliceous sediments, with some impure 
calcareous beds. Together they now constitute the Kinnikinic quartzite 
with its calcareous members. Fucoid markings and mud cracks, which 
are locally plentiful, prove that sands were deposited in shoal water and 
at times exposed to the air. The apparently complete absence of other 
fossils shows that conditions were adverse to the growth of marine or- 


© G. R. Mansfield: Geography, geology, and mineral resources of part of southeastern 
Idaho, U. 8. Geol. Survey, Prof. Pap. 152 (1927) p. 52-56. : 

“ Edward Sampson : Geology and silver ore deposits of the Pend Oreille district, Idaho, 
Idaho Bur. Mines and Geol., Pamph. 81 (1928) p. 9-10. 

® Charles Schuchert : Outlines of historical geology, 2d ed. (1931) p. 124. 

® Rudolf Ruedeman : Stratigraphic significance of the wide distribution of graptolites, 
Bull. Geol. Soc. Am., vol. 22 (1911) p. 233. 
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ganisms. The beds may have accumulated in broad flats at the mouths 
of rivers loaded with sandy sediment. 

Later in Ordovician time the sediments laid down over at least part 
of the Bayhorse quadrangle were finer and more carbonaceous. Mud, 
rich in graptolites, alternated with calcareous deposits that have yielded 
only a scanty fauna. Mud cracks and ripple marks show that part of 
the beds were deposited in shallow water. It may be that the change 
in the character of the sediments resulted as much from wearing down 
of the land as from fluctuations in the shore line. 

Marine sedimentation occurred locally in the eastern part of south- 
central Idaho during the Silurian period. The marine invasion appears 
everywhere to have been of slight extent, and most of the region may 
have been above the sea and subject to erosion throughout the greater 
part of the period. This interpretation agrees with the available data 
for neighboring regions, as is shown by Schuchert’s and Ver Wiebe’s 
maps.°* These maps, constructed from different points of view, differ 
in details but agree in suggesting that marine invasion of Idaho during 
the Silurian period was confined to straits and embayments. 

After the middle Silurian (Laketown) deposition there was a long 
pause in sedimentation during which the region probably emerged from 
the sea and suffered erosion. In the Middle and the Upper Devonian, 
parts of it were submerged, and limestone was deposited. In the Middle 
Devonian (Jefferson) beds, especially, the abundance of reef corals in- 
dicates fairly shallow water. In the Upper Devonian the calcareous 
material was intermingled with clastic material, presumably from a 
rising land. The absence of Devonian strata from the western part of 
the Bayhorse region, and apparently from the whole of the Wood River 
region immediately to the south, doubtless results, to some extent, from 
post-Devonian erosion, but it may also have been caused, in some measure, 
by persistence of the land mass that appears to have occupied those areas 
in the late Silurian and the Lower Devonian. 

The Carboniferous was marked by marine sedimentation on both sides 
of the site of the Idaho batholith but apparently nowhere far within 
its confines. On the east side there are thick accumulations of marine 
deposits of both upper Mississippian and Pennsylvanian age, those close 
to the eastern border of the batholith having, in general, been deposited 
in shallower water than those farther east. The presence of plant remains 
and of abundant conglomerate of fluviatile or near-shore origin suggests 
that the western shore of the Cordilleran sea in this region was somewhat 


& Charles Schuchert : op. cit., p. 141; W. A. Ver Wiebe: Present distribution and thick- 
ness of Paleozoic systems, Bull. Geol. Soc. Am., vol. 43 (1932) fig. 3. 
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farther east than in earlier periods. The somewhat inadequate informa- 
tion available indicates that marine sedimentation to the west of the 
site of the Idaho batholith is first recorded in the Carboniferous, although 
there are some metamorphosed strata of possibly greater age. 

The Permian in south-central Idaho was marked by widespread vol- 
canism, possibly accompanied locally by a slight marine invasion. Vol- 
canic activity continued westward beyond the limits of this region. Lava 
and pyroclastic rocks near the western boundary of Idaho were deposited 
in, and near, marine waters that supported a fauna which has been cor- 
related with the one that lived in the much more extensive Permian 
(Phosphoria) sea in eastern Idaho and western Montana, but the con- 
nection between these two bodies of water has not been traced. There 
is so little evidence of a Permian sea anywhere in central Idaho, either 
in the supposed Permian volcanics or elsewhere, that inundation of the 
whole region by that sea, as suggested by Mansfield,®* seems improbable. 
In eastern Oregon, and possibly in Idaho also, diastrophic disturbances 
of some magnitude occurred at about the end of the Pennsylvanian. It 
seems probable that such deformation would add to the uplift in central 
Idaho and effectively prevent transgression of the subsequent Phosphoria 
sea. 

Ver Wiebe’s maps “ indicate that in Mississippian and Permian time 
a narrow strip of presumably dry land extended through the western 
and northern portions of Idaho. Ver Wiebe calls this “the tectonic area 
of Monzonia.” As indicated above, there is now reason to think that 
much the same conditions persisted into the Permian. Limestone and 
other rocks containing a Phosphoria fauna in extreme western Idaho and 
nearby parts of Oregon show that the broad area of non-deposition, 
termed Cascadia on Ver Wiebe’s map of the Permian, is here interrupted, 
so that Monzonia may have continued to be a separate unit. Schuchert’s 
maps, which represent smaller subdivisions of geologic time than those 
of Ver Wiebe, agree in indicating a narrow land mass in and near west- 
ern Idaho during much of Carboniferous time, although some of his maps 
show a retreat of the sea far beyond the borders of Idaho at times during 
the Carboniferous, especially in the Permian. The part of such elevated, 
or tectonic, area within Idaho corresponds essentially to the positive area 
on the site of the present Idaho batholith, postulated * to have existed since 
about the end of the pre-Cambrian. There are numerous xenoliths and 
roof pendants preserved in the Idaho batholith, but, except on the margins, 


®@G. R. Mansfield: op. cit., p. 184-186. 

eo W. A. Ver Wiebe: op. cit., p. 518-539, figs. 5, 6, 7. 

CC. P. Ross: Some features of the Paleozoic stratigraphy of Idaho, [abstract] Jour. 
Washington Acad. Sci., vol. 17, no. 5 (1927) p. 125. 


1000 C. P. ROSS—PALEOZOIC STRATIGRAPHY IN IDAHO 


none seems to be composed of Paleozoic strata. It would be surprising 
if strata at all comparable in thickness to those on its eastern margin 
could be so completely removed from this broad area as to leave no trace. 
Furthermore, at several horizons in Paleozoic rocks east of the present 
batholith there is definite evidence of deposition on, or in the immediate 
vicinity of, a shore line. 

It is an open question whether central Idaho prior to the Carboniferous 
was a section of so small an area as Monzonia or formed the eastern 
border of the broad land mass named Cascadia, as it is commonly rep- 
resented to be. No Paleozoic rocks older than Mississippian are known 
in central or eastern Oregon or western Idaho, but large parts of these 
regions have been little studied, and over extensive areas the old rocks 
are hidden under Tertiary beds. As Waters ®* points out, the available 
evidence of sedimentation and structure, including the trend of the 
batholithic intrusions, lends some support to the concept that the Colum- 
bia Plateau may have been an area of relative subsidence for a long time. 

Paleozoic marine deposits extend far to the east of the present exposures 
of the Idaho batholith in south-central Idaho, but it is clear that the 
maximum deposition in that era took place in the area shown on Figure 1, 
near the western border of the Cordilleran geosyncline. In the Bayhorse 
and the Hailey quadrangles the aggregate thickness of Paleozoic beds 
deposited is over 20,000 feet, possibly over 30,000 feet. In much of south- 
central Idaho the aggregate thickness is about 16,000 feet.°® It is pos- 
sible that locally the total may more nearly approximate that farther 
west, as Anderson ’° notes that near Pocatello the Brigham quartzite 
may be over 10,000 feet thick. In most places in southeastern Idaho 
this formation is reported to be 1000 to 1600 feet thick. In western 
Montana the Paleozoic formations are markedly thinner. The total 
thickness near Argenta is a little over 3000 feet," and in the Philips- 
burg quadrangle the maximum recorded thickness of Paleozoic beds ag- 
gregates 5736 feet.7* In the Helena region the total is 4900 feet.7* 


*®A.C. Waters: Summary of the sedimentary, tectonic, igneous, and metaliferous 
history of Washington and Oregon, in Ore deposits of the Western United States, Am. 
Inst. Min. and Met. Eng. (1933) p. 260-261. 

© G. R. Mansfield: Geography, geology, and mineral resources of part of southeastern 
Idaho, U. S. Geol. Survey, Prof. Pap. 152 (1927) p. 50-52. 

7A. L. Anderson: Portland cement materials near Pocatello, Idaho, Idaho Bur. Mines 
and Geol., Pamph. 28 (1928) p. 5. 

12P. J. Shenon: Geology and ore deposits of Bannock and Argenta, Montana, Mont. 
Bur. Mines and Geol., Bull. 6 (1931) p. 46-49. 

72 F.C. Calkins and W. H. Emmons: Geol. Atlas, Philipsburg folio (no. 196) columnar 
section, U. S. Geol. Survey (1915). 

73 J. T. Pardee and F. C. Schrader: Metalliferous deposits of the greater Helena mining 
region, Montana, U. 8. Geol. Survey, Bull. 842 (1933) p. 12. 
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INTRODUCTION 


During the field seasons of 1931-1933, geologists from Northwestern 
University were engaged in a study of the pre-Cambrian formations of 
the Sawatch Range in central Colorado. The present paper is the result 
of more detailed study in the summer of 1933 of reverse faults along 
the western slope of the range. 
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GENERAL GEOLOGY 


As a description of the general geology and the lithology of the range 
has been published, only a brief résumé is given here. 
The Sawatch Range is one of the most prominent of the several north- 
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ward-trending ranges which constitute the westernmost of the two major 
mountain belts of central Colorado. The Continental Divide follows 
the range crest for more than fifty of its eighty miles, and many of the 
peaks exceed 14,000 feet. The general location of the range is shown 
in Figures 1 and 2. 

The pre-Cambrian core consists largely of coarsely crystalline gneiss and 
schist, with numerous gradations into quartzite, marble, and graywacke, 
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Figure 1.—Map of Colorado 
Showing general location of the area. 


indicating a sedimentary origin for the greater part of the complex. Two 
periods of batholithic intrusion occurred in pre-Cambrian time—the 
earlier Pikes Peak and the later Silver Plume quartz monzonites and 
granites. These intrusions, both of which were accompanied by much 
pegmatite, invaded the schists in stocks, sills, dikes, and lit-par-lit string- 
ers, causing in many places migmatization of the old crystalline forma- 
tions. 

Paleozoic sediments, including Cambrian quartzite, Ordovician, Devo- 
nian and Mississippian limestones, sandstones and shales, and Permo- 
Carboniferous red beds, are upturned along the flanks of the range. In 


1J. T. Stark and F. F. Barnes: The structure of the Sawatch Range, Am. Jour. Sci., 
5th ser., vol. 24 (1932) p. 471-480. 
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Fieurs 2.—Location of three thrust faults on the western slope of the Sawatch Range 
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general, these sediments strike parallel to the present range trend. This 
deformation is related to the Laramide folding. Despite earlier asser- 
tions to the contrary, the range was not an island in the Paleozoic seas,? 
as outcrops of the sediments occur high on the slopes, and in some places 
cross the divide. 

The core of this range is an earlier structure, consisting of closely 
compressed, overturned, isoclinal folds striking N. 30° to 65° E., with 
axial planes dipping steeply to the northwest. This general structure, 
which is nearly at right angles to the trend of the present range, is per- 
sistent throughout its central and northern parts. In the southern part 
the direction of these old structural lines swings progressively from north- 
east through north to northwest. There is, thus, a marked contrast be- 
tween the pre-Cambrian and the Laramide tectonic lines, as shown in 
Figure 6. 

Faulting, which, because of the lack of definite key horizons, is recog- 
nized with difficulty in the pre-Cambrian formations, is clearly exhibited 
in the flanking sediments. On the eastern slope, glacial deposits and 
broad gravel terraces of the Arkansas valley conceal most of the eastward- 
dipping sediments, but on the western slope the Paleozoic section is well 
exposed. Three major reverse faults, with dips of low angles, have been 
mapped. In all three, pre-Cambrian metamorphics are thrust over Paleo- 
zoic sediments. 

Following the reverse faulting, continued uplift during Laramide 
diastrophism was accompanied by steep angle, normal faulting and the 
intrusion in the early Tertiary of the Mount Princeton and related 
batholiths in the southern part of the range. Sills, dikes, and plugs, 
which occur throughout the range, are believed to be related to the Mount 
Princeton batholith. 


TINCUP-GRAPHITE BASIN THRUST 


In the summer of 1931, Butler and Behre * mapped a low angle reverse 
fault from south of Tincup, at the southern end of Taylor Park, across 
Graphite Basin, which lies at the head of North Quartz Creek, immediately 
south of Napoleon Pass (Fig. 3). This extends southwest to Canyon 
Creek, and probably continues southwest beyond this to join the thrust 
fault mapped by Crawford * on Tomichi and Galena creeks. The fault 


28. F. Emmons: Orographic movements in the Rocky Mountains, Geol. Soc. Am., Bull., 
vol. 1 (1889) p. 259-264. 

2B. S. Butler and C. H. Bebre, Jr.: Unpublished data (1932). 

4R. D. Crawford: Geology and ore deposits of the Monarch and Tomichi districts, 
Colorado, Colo. Geol. Surv., Bull. 4 (19138) pl. 5. 
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generally strikes N. 20° to 25° W., and dips to the northeast at angles 
varying from 20° to 30° (Fig. 3). 
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In its northern part, from Graphite Basin to Tincup, the fault plane, 
the sediments on the downthrow (southwest) side, and the schistosity of the 
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pre-Cambrian formations on the upthrow (northeast) side are all parallel. 
These relations are shown in the three diagrammatic cross sections (Fig. 3) 
which are drawn from sketches and measurements of excellent exposures. 

Figure 3, A-B, shows a section across the fault at the foot of Graphite 
Basin, a cirque at the head of a tributary to Quartz Creek. The thrust 
was from the northeast and up the dip of the sediments. The head, or 
eastern, wall of the cirque, which extends up to the Continental Divide, 
is cut into the Mount Princeton batholith. In the west wall of Quartz 
Creek a normal (or steeply dipping reverse) fault, striking nearly due 
north, brings pre-Cambrian granite to the surface on the east. This 
eastern granite, which forms the upthrow side of the normal fault, is also 
the overthrust side of the Tincup-Graphite Basin thrust, which crops out 
across the valley, one mile east of the normal fault (Fig. 3). 

The intrusion of the Mount Princeton batholith is believed to have 
followed, in part, along the thrust fault zone, because it forms the upthrow 
side of the southern extension of the Tincup-Graphite Basin thrust. Evi- 
dence of intrusion later than the thrusting and of the intersection of the 
fault zone is shown in several outcrops along the strike of the fault, north 
and south of Middle Quartz Creek (Fig. 3). 

The walls of the cirque at the head of the South Fork of Quartz Creek 
expose a section through the fault, showing a slice of pre-Cambrian 
granite (Pikes Peak) with overlying Cambrian quartzite thrust upon 
Ordovician limestone. This is illustrated in Figure 3, C-D. On the up- 
throw side (northeast) the sediments strike N. 20° W., and dip 22° north- 
east. On the downthrow side (southwest) the sediments show approxi- 
mately the same strike, with dips varying from 45° to 58° northeast. The 
post-thrusting age of the Tertiary quartz monzonite is shown lower down in 
the cirque basin, where it cuts across and obliterates the fault. 

Slickensides in the quartzite and the granite on the downthrow side 
strongly suggest that after the original thrusting a reverse movement 
occurred, indicating local uplift subsequent to the low angle thrusting. 
Further mention will be made of this apparent movement upward on 
the downthrow side of the early thrust fault. 

From the southern extension of the fault to a point north of Napoleon 
Pass and on the southern rim of Taylor Park (Fig. 3), similar relations 
are shown. These are illustrated in Figure 3, E-F. Here, pre-Cam- 
brian schist, which grades into ellipsoidal greenstone not unlike the pil- 
low lavas of the Lake Superior region, crops out above Mississippian 
limestone which dips beneath the schist. The limestone strikes N. 20° W. 
and dips 80°-85° northeast, but flattens downward, in the direction of 
the schist. The steeply dipping edges of the limestone outcrop, and a 
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low bench on the schist side of the fault, which suggests the presence of a 
zone of weakness (presumably, the fault), are interpreted as indicating 
local steepening of the beds and fault plane along the strike. This might 
be caused by uplift of the downthrow side subsequent to the thrusting. 
Small slickensides on the downthrow side suggest a reverse movement 
of this side, similar to that on the downthrow side of the thrust at the 
head of the South Fork of Quartz Creek, described above. 

The Tincup-Graphite Basin thrust is believed to extend into the south- 
ern end of Taylor Park, although from Tincup to Pass Creek it is con- 
cealed by thick terrace and glacial deposits. Outcrops of Paleozoic 
quartzite and limestone in the west wall of Willow Creek (Fig. 3), be- 
tween Tincup and Abbeyville, are approximately along the projection of 
the strike of the fault. These sediments give evidence of a sharp up- 
turning with a steepening in dip, similar to that in the limestone on the 
downthrow side of the fault shown in Figure 3, sections A-B and C-D. 

Reversal of movement on the downthrow side of the thrust fault is 
clearly shown by a normal, or vertically-dipping, fault west of Graphite 
Basin (Fig. 3, A-B). The reverse movement, subsequent to thrusting, 
is also suggested by the steepening of the beds on the downthrow side 
and of the fault plane in the other two sections illustrated in Figure 3. 
Corroborative evidence of movement opposite to that of the original 
thrusting is furnished by the slickensides found on the downthrow side 


of the fault. 
BIGLOW THRUST 


In the central part of the western slope of the Sawatch Range a promi- 
nent low angle reverse fault extends from a point one mile west of Bald 
Knob northeastward through Lenado and Biglow to Tellurium Park 
(Fig. 4). In general, the strike is N. 30° E., but it shows several de- 
partures from this direction. The fault plane dips northwest at angles 
varying from 35° to 40° ; this also is approximate, but the dip is probably 
slightly steeper than that of the Paleozoic sediments forming the down- 
throw side. The thrust was from the northwest up the dip of the sedi- 
ments, bringing pre-Cambrian schist and granite above Paleozoic quart- 
zite and limestone. 

In the vicinity of Biglow and Norrie, the strike of the fault is more 
nearly north. After crossing State Highway 104, an eighth of a mile 
west of the entrance to Biglow Ranch, the strike swings again to a north- 
easterly direction. 

As was locally true in the case of the Tincup-Graphite Basin thrust, 
there is a pronounced steepening of dip of the sediments and the fault 
plane. This steepening is exposed on Woody Creek, just east of the 
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abandoned mining town of Lenado. The stream has cut a narrow gorge 
through a mass of pre-Cambrian granite and overlying Paleozoic sedi- 
ments ranging from basal Cambrian quartzite through Mississippian 
limestone. The sediments appear to have been folded around the granite 
mass and show changing strike directions, varying from N. 40° E. on 
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Ficure 4.—Biglow thrust fault 
Central part of Sawatch Range. 


the north side, through north, to N. 32° W. on the south side of the 
gorge. 

A small part of the Lenado area was mapped by Spurr on the Lenado 
special sheet in his report on the Aspen district.’ The Biglow thrust is 
probably continuous with the Silver thrust fault mapped by Spurr. On 
the Lenado special sheet the latter is shown offset to the west by a steeply 
dipping normal] fault. No such detailed mapping has been attempted 
by the author, and only the major thrust is shown in Figure 4. 


&J. E. Spurr: Geology of Aspen mining district, Colorado, U. 8. Geol. Surv., Mon. 31, 
Atlas, Lenado special sheet 20 (1898). 
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This doming of the sediments over the pre-Cambrian granite is well 
shown in the walls of the gorge. In the north wall an almost vertical 
exposure presents an east-west section across the anticlinal doming, with 
pre-Cambrian granite (Pikes Peak) unconformably below Cambrian 
quartzite which is overlain by Ordovician limestone. At the top of the 
section the sediments strike N. 33° E. and dip 40° northwest. At the 
west end of the section the dip of the sediments steepens rapidly as they 
bend around the granite, and where the stream leaves the gorge the strike 
of the quartzite is north, and the dip is nearly vertical. This is illustrated 
on the areal map and in section G-H of Figure 4. 

The eastern wall of the valley furnishes a similar section, except that 
coarse talus covers the unconformity between granite and quartzite in the 
downthrown block. At the top of the section the Ordovician limestone 
strikes N. 25° W. and dips 40° southwest. This dip carries the sedi- 
ments beneath the pre-Cambrian granite of the upthrown side of the fault, 
forming the eastern wall of Woody Creek, for a thousand feet. At the 
west end of the section the sediments steepen rapidly in dip and bend 
around the pre-Cambrian granite to join the sediments of the north wall 
in the stream bed (Fig. 4). The fault curves to the west of the pre- 
Cambrian granite, paralleling the strike of the sediments. To the north- 
east and southwest of the Lenado area the strike of both the sediments 
and the fault resumes the northeasterly trend characteristic of the re- 
gional structure. The irregularities here appear to be due to position and 
shape of the buried pre-Cambrian granite upon which the sediments 
were deposited and the subsequent doming following the original thrust- 
ing from the northwest. Attention is called to the fact that, although 
the thrust was from the direction opposite to that in the Tincup-Graphite 
Basin fault, the steepening in dip of sediments and fault plane is again 
on the downthrow side. 

Six miles northeast of Lenado the fault is exposed in the upper valley 
of Deeds Creek. In the north wall of the open valley-head, Cambrian 
quartzite forms a ledge striking N. 30° E. and dipping 42° northwest. 
On top of this ridge, separated from the exposure just mentioned by a 
covered area of 500 feet, is a narrow outcrop of sheared quartzite, strik- 
ing approximately in the same direction but dipping 78° northeast. Up 
the valley to the northwest, pre-Cambrian schist is exposed above the 
quartzite, and again in the south wall the thrust relationship of schist 
above quartzite occurs. In section K-L of Figure 4 the steeply dipping 
quartzite in the north wall is interpreted as the result of uplift of the 
downthrow side of the reverse fault, the uplift being subsequent to the 
low angle thrust. 
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Along the highway west from Biglow the thrust is exposed in separated 
outcrops of pre-Cambrian and Paleozoic. An eighth of a mile west of 
the entrance to Biglow ranch, Cambrian quartzite crops out on the north 
side of the highway, striking N. 29° E. and dipping 30° northwest. 
Seven-tenths of a mile farther west a high cliff of quartzite shows the 
same strike and dip. Between these two outcrops of northwest-dipping 
Cambrian quartzite are pre-Cambrian schist and granite. Because the out- 
crops are not continuous the dip of the fault plane is not evident, but 
farther to the north, in the valley of Silver Creek, the thrusting of the 
pre-Cambrian schist over Cambrian quartzite is clearly shown. The 
structure here is illustrated in Figure 4, section M-N. 

The projection of the fault along its strike, northward from Silver 
Creek, would carry the fault into the Paleozoic area of Tellurium Park. 
However, it was not found farther to the northeast than Silver Creek, 
although a few miles to the north another fault, with similar strike and 
dip, was mapped. It was thought for a time that these two faults might 
be continuous, but as projections of the strikes are about eight miles 
apart the northern fault is considered to be a separate thrust. 


EAST LAKE CREEK THRUST 


Along the northwest slope of the Sawatch Range a reverse fault has 
been traced for fifteen miles, extending from the southern border of 
Yeoman Park, northeast to the Eagle River valley (Fig. 2). The general 
strike is N. 35° E., and the dip, paralleling that of the sediments (except 
for local steepening), varies from 35° to 40° northwest. The thrust was 
from the northwest up the dip of the sediments, as in the Biglow thrust, 
bringing pre-Cambrian formations above Paleozoic sediments. 

A typical section is exposed in the west wall of East Lake Creek, where 
the fault was first discovered (Fig. 5, O-P). Pre-Cambrian schist and 
granite .(migmatite) crop out at the stream, overlain by Cambrian quart- 
zite. Immediately above the quartzite is sixty feet of schist and granite, 
similar to that below, and this, in turn, is overlain by Paleozoic sediments 
ranging from the basal quartzite of the Cambrian to Mississippian lime- 
stone. The upper belt of the sediments strikes N. 30°-35° E. and dips 
40° northwest. The lower outcrop of quartzite shows much fracturing 
and shearing, with dips that steepen to 70°. These relationships persist 
for several miles along the strike of the fault, across the divides between 
West Lake, East Lake, and Beaver creeks. The fault has been traced 
southwest across the cirque head of West Lake Creek, east of the crest 
of New York Mountain and Craig Peak, to the south wall of East Brush 
Creek (Fig. 5, O-P). 
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In Figure 5, along Q-R a section is shown across the west nose of the 


divide between East Brush Creek and 


a small tributary heading south, 
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Fieure 5.—EHast Lake Oreek thrust fault 
Northern part of the Sawatch Range. 


at a point two miles east of the Yeoman Park Ranger Station. 


The 


thrusting here occurred along the contact between the pre-Cambrian 
granite and the overlying Cambrian quartzite. Both formations show 
slickensides and intense shearing. The conditions here are somewhat 
similar to those described at Lenado. 
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divide between East Brush Creek and its tributary is composed chiefly 
of pre-Cambrian granite and schist. The sediments have been folded 
around the west slope of the old pre-Cambrian terrain, with varying 
strikes which resume the normal trend of N. 30° E. both to the north- 
east and to the southwest of the area in question. As at Lenado, the 
dips of the sediments and the fault plane also steepen to a few degrees 
from vertical. 

Across New York Mountain and as far south as Craig Peak the fault 
is apparently confined to the pre-Cambrian granite and schist. Dikes 
of the Tertiary porphyry are numerous in this area and appear to be off- 
shoots from the stock-like mass composing Porphyry Mountain (Fig. 5). 
A reversal of dip in the Paleozoic sediments just east of Fulford is due 
to this intrusion; the pertinent section is illustrated in Figure 5, Sec- 
tion S-T. 

SUMMARY AND CONCLUSIONS 


From the foregoing sections and descriptions the following points are 
summarized : 


1. Three low angle reverse faults occur along the western slope of the 
Sawatch Range, with pre-Cambrian formations thrust over Paleozoic 
sediments. 

2. Strike and dip of the faults correspond, in general, with the strike 
and dip of the associated sediments, although the dips are probably slightly 
steeper. In the two northern faults the general strike is northeast, with 
dip to the northwest. In the southern fault the strike is to the north- 
west, with dip to the northeast. The thrust in each case has been up the 
dip of the sediments—from the northeast in the south, and from the 
northwest in the north. 

3. In many places along the fault zone, the dips of the sediments, and 
the dips of the fault planes as well, steepen to nearly vertical on the 
downthrow side of the thrusts. 

4, Slickensides and small shear zones on the downthrow side of the 
reverse faults are suggestive of uplift on this side, subsequent to the 
thrusting. In some cases, reversal of movement is recorded along the 
old thrust plane. It is not intended to imply that the slickensides in 
themselves would prove steepening by uplift and reversal of movement, 
as it is recognized that they might well only record slight movements 
in varying directions. They are mentioned here simply as adding corrob- 
orative evidence for the steepening, which is clearly shown to have taken 
place after the original faulting by the change in dip of the sediments 
and the fault planes. 
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5. Uplift following the thrust faulting is also suggested by the steeply- 
dipping fault in the west wall of Quartz Creek, the upthrow side of this 
fault being on the downthrow side of the thrust fault. 

6. Where the position and the shape of the buried pre-Cambrian granite 
knobs were favorable, the uplift caused a folding of the sediments and 
fault planes around the borders of the granite; for example, the Lenado 
and the East Brush Creek sections. 

%. The reverse faulting occurred before the intrusion of the Tertiary 
batholith, and in places the intrusion cuts and partly obliterates the fault 
planes. 

8. Tertiary diastrophism may have been associated with the rising 
magmas and the normal faulting which followed the low angle thrust- 
ing, but in places (notably Quartz Creek, New York Mountain, and 
Galena and Tomichi creeks) faults are cut by the Tertiary intrusions. 


The reasons for the different directions of thrusting in the northern 
and the southern parts of the range may be related to the original dips 
imposed upon the Paleozoic sediments by the earliest folding, generally 
designated as Laramide. In Figure 6 the structural trends of the old 
pre-Cambrian folding are shown, striking northeast in the northern and 
central parts, and northwest in the southern part of the range. These 
directions are approximate to the strike of the reverse faults and the sedi- 
ments. The rough parallelism between the axis of Laramide folding and 
the northerly trend of the range may be more apparent than real, as the 
great Tertiary intrusion, here called the Mount Princeton batholith, forms 
the major part of the southern third of the present range and may well 
be responsible for its trend. To put it differently, the tectonic axis of the 
present Sawatch Range coincides with the range crest in its northern two 
thirds, but lies west of the range from Mount Princeton southward. It 
does not seem improbable that the old pre-Cambrian lines of weakness 
were reflected in the early stages of Laramide diastrophism; this would 
result in a northwest dip in the Paleozoic sediments in the northern and 
the central parts of the range and a southeast dip in the southern part. 
As the tangential compression of Laramide orogeny became more intense, 
reverse faults were formed, the thrusts being up the dips of the sediments— 
from northwest in the north, where the East Lake Creek and the Biglow 
thrusts lie west of the pre-Cambrian axis, and from the northeast in the 
south, where the Tincup-Graphite Basin thrust lies east of the pre-Cam- 
brian axis. Continued stresses (which may either have been associated 
with Tertiary or later intrusions) might cause further uplift of the pre- 
Cambrian core; this uplift would explain the steepening of dips of the 
sediments and fault planes on the downthrow (pre-Cambrian axis) side 
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of the reverse faults. In some places, high-angle normal faults were 
formed, and in others, reversals of movement along the steeply-tilted 
thrust planes were recorded. The intrusion of the Tertiary stocks, sills, 
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Sketch showing contrast in axes of old pre-Cambrian folding with present trend of 
the Sawatch Range corresponding to Laramide folding. Diagrammatic sections illustrate 
sequence of events in orogenic history of the range. 


and dikes followed, in part, the earlier thrust planes, and in some places 
cut across and obliterated them. Thus, it is seen that the structural 
history includes a period of thrusting, followed by intrusion of batho- 
lithic, or plug-like, masses. Later than the actual thrust faults, also, 
reversal of movement appears to have occurred on the old thrusts, with 
the development of accessory faults. The net effect of this last move- 
ment was to increase the dips of the fault planes and to elevate the former 
downthrown side, at least slightly. 
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The sequence of events here outlined is diagrammatically shown in 
the generalized sections in Figure 6. Sections A-H refer to the north- 
ern two thirds, and Sections I-P refer to the southern third of the range. 
Sections A-B and I-J illustrate the early folding along the old pre- 
Cambrian axis, the former in the northern two thirds, and the latter in 
the southern one third. Sections C-D and K-L show thrust faulting 
up the dip of the sediments; Sections E-F and M-N show the steepening 
on the downthrow side of the thrusts by renewed uplift along the axis 
of folding; and Sections G-H and O-P show the intrusion of the Ter- 
tiary batholith. It is not improbable that the uplift responsible for the 
steepening of dips on the downthrow side of the thrusts followed the Ter- 
tiary intrusion, and represents a late phase of Laramide diastrophism, 
or even post-Laramide uplift. 

It is unfortunate that no exposures exist on the side of the major axis 
of folding opposite the observed thrust faults. It would be interesting 
to know if, beneath the Pleistocene mantle, there exists, in the case of 
each thrust fault, another one placed symmetrically to it with reference 
to the axis of folding of the pre-Cambrian rocks. As it is, no sign of 
such thrust faults has been observed. 

Such a symmetrical arrangement of thrust faults is, in fact, not neces- 
sary. In a paper given before the Geological Society in 1932, W. H. 
Bucher ° called attention to the asymmetrical structure of the Bighorn 
and the Beartooth mountains. The northern portion of each range is 
moved asymmetrically southward, while an adjoining southern portion 
is moved northeastward. In the northern portion, asymmetrical fold- 
ing, and even thrust faulting, is directed from the plains toward the 
mountains on the northeast side, and from the mountains toward the 
plains on the southwest side. In the southern, or, perhaps better, cen- 
tral, portion the directions are reversed. 

Although no signs of transverse shearing, such as Bucher describes, 
were observed along the critical zone where shearing is to be expected in 
such a case, it is not impossible that a similar relation exists in the 


Sawatch Range. 


6° W. H. Bucher: Geologic problems of the Beartooth region; Geol. Soc. Am., Bull., vol. 
45 (1934) p. 167-178. 


LXVI—BULL. Grou. Soc. AM., Vol. 45, 1934. 


4 
| 
sty 


BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 
VOL. 45. PP. 1017-1034, PLS. 123-124. 3 FIGS. DECEMBER 31,1934 


CYLINDRICAL STRUCTURES IN SANDSTONES * 
BY J. E. HAWLEY AND R. C. HART 


(Presented before the Geological Society, December 29, 19388.) 


CONTENTS 

Page 
Previous work and possible origin. 1018 
Detailed description of structures... . 1024 
Comparison of sands in Structure No. 1 and adjacent strata......... 1028 
Method of formation of concretionary structures.....................0000% 1031 

INTRODUCTION 


GENERAL STATEMENT 


In the vicinity of Kingston, Ontario, and in the neighboring state of 
New York, flat-lying basal Paleozoic (Potsdam) sandstones contain large 
cylindrical structures which were described as long ago as 1889. They are 
composed of sandstone with siliceous and ferruginous cement, and, be- 
cause of their vertical attitude and concentric banded structure, have 
been known locally as “trees” or “tree trunks” (Pl. 123). 


* Manuscript received by the Secretary of the Society, January 17, 1934. 
(1017) 
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Various suggestions have been offered to account for their formation. 
These seem to be based on brief field studies and examinations of the sec- 
tions. None of the modern methods of sedimentary analyses—mechanical, 
mineral, and chemical—has hitherto been employed, and in the hope that 
such methods might yield new light on the problem, a detailed study was 
made of the several structures situated at Blake’s (formerly Gilder- 
sleeve’s) quarry, concession V, lot 9, Pittsburgh township, ten miles north- 
east of Kingston. 


PREVIOUS WORK AND POSSIBLE ORIGIN 


Years ago Sir William Logan and Dr. A. R. C. Selwyn were attracted by 
these peculiar structures, which are referred to by Kavanagh? as possible 
concretions which may have grown about an organic core in the same 
manner that concretions were known to enclose vegetable stems. 

R. W. Ells,? in describing the sandstones underlying the Black River 
limestones about Kingston, refers to the structures as cylindrical concre- 
tions. He notes their resemblance to trunks of fossil trees, but offers no 
evidence for their origin nor any explanation for their peculiar shape. In 
addition to two of the larger structures he describes numerous rounded 
concretions, from half an inch to two inches in diameter, found in the vi- 
cinity of the supposed trees and regarded by some as the “fruit.” These 
appeared to the authors to be normal types of concretions in sandstones and 
were not studied in detail. 

Structures of a similar nature are mentioned by Cushing, Fairchild, 
and others in the Potsdam sandstone of New York State.® 

The late Willet G. Miller * refers to the structures as remarkable con- 
cretions and presents an excellent illustration of one in his text “Minerals 
and How They Occur.” 

In 1916, Baker ® described the structures in the Kingston area and 
showed them to be composed of the same constituents as the enclosing 
sandstones. He suggested that they might be caused by “structural ac- 
cumulations formed contemporaneously with their surroundings and rep- 


1§. J. Kavanagh: On modern concretions from the St. Lawrence; with remarks [by 
J. W. Dawson] on cylinders found in the Potsd dstone, Canadian Record of Sci- 
ence, vol. 3 (1888-1889) p. 292-294. 

2R. W. Ells: The district around Kingston, Ontario, Geol. Surv. Can., Ann. Rept. for 
1901 (1902) p. 176a; Notes on some interesting rock contacts in the Kingston district, 
Ont., Roy. Soc. Can., Trans., vol. 9, sect. 4 (1903) p. 103. 

3H. P. Cushing, H. L. Fairchild, Rudolf Ruedemann, and C. H. Smyth, Jr.: Geology 
of the Thousand Islands region, Alexandria Bay, Cape Vincent, Clayton, Grindstone, and 
Therese quadrangles, N. Y., N. Y. St. Mus., Bull. 145 (1910). 

4W. G. Miller: Minerals and how they occur. Macmillan (1906) p. 134-135. 

5M. B. Baker: The geology of Kingston and vicinity, Ont. Bur. Mines, Ann. Rept., vol. 
25, pt. 3 (1916) p. 19-20. 
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Figure 1.—Graphs showing mechanical analyses of sands 
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resent sand laid in whirlpools or other eddying water which gave them 
their circular form and common composition with their surroundings.” 

Wilson ® has found them in Potsdam sandstones near Westport, On- 
tario, where they are characterized by an eccentric internal structure. 
Others of a similar eccentric type are present on Huckleberry Island in 
the St. Lawrence River near Gananoque, Ontario’ (Pl. 124). 


PRESENT METHOD OF STUDY 


A detailed field examination was made. Samples were taken from 
parts of the most perfect structure and from contiguous beds of surround- 
ing sandstone, in order to determine the exact nature of the cylindrical 
bands and to compare these with the enclosing strata as regards texture, 
composition, and characteristics of sand grains and cement. 

The samples were broken to a loose sand, and the original grains were 
liberated as much as possible from the cement of quartz or iron oxide. Ex- 
amination of the products with a binocular microscope was made to check 
the removal of cement and to insure that a minimum amount of the 
grains themselves were fractured. Mechanical analyses were then made 
with standard Tyler sieves. The results of these analyses were plotted in 
graphic form, after the manner of Udden ® (Fig. 1). 

Cumulative percentage curves ® were also drawn for each analysis, and 
the curves for samples from the same stratigraphic horizon in the sand- 
stone were plotted on one sheet for comparison. Two methods of further 
contrasting the sands were used ; namely, the determination of the equiva- 
lent grade and of the grading factor, description of which is contained in 
papers by H. A. Baker (Fig. 2). 

An optical study of the samples was made to determine characteristics 
and heavy mineral content, a separation of the latter being obtained with 
bromoform of specific gravity 2.79. Chemical analyses were made for 
SiO, and Fe,0, on several samples from one structure and from adjacent 
beds. 

Experiments were made later with bedded sands in an endeavor to pro- 
duce cylinders of loose sand by rising currents of water. 


6M. E. Wilson: Personal communication. 

7E. L. Bruce: Personal communication. 

8 J. A. Udden: Mechanical composition of clastic sediments, Geol. Soc. Am., Bull., vol. 
25 (1914) p. 655-744. 

®H. A. Baker: On the investigation of the mechanical constitution of loose arenaceous 
sediments by the method of elutriation, with special reference to the Thanet beds of the 
southern side of the London Basin, Geol. Mag., vol. 57 (1920) p. 321-332, 363-370, 411- 
420, 463-467. 
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THE ENCLOSING SANDSTONE 


The sandstone enclosing the structures has been correlated by Baker *° 
with the Potsdam. It has a maximum thickness in the surrounding area 
of 65 feet and is either flat-lying or shows gentle dips, as at Blake’s quarry, 
of about ten degrees east. Although the pre-Cambrian floor on which the 
sandstone rests at this locality is not exposed, nearby outcrops show it to be 
composed of vertically dipping, Grenville gneisses and crystalline lime- 
stone, striking northeast. These rocks have an irregular, hummocky sur- 
face, the depressions of which are partially filled with basal conglomerate 
and sandstone. Elsewhere, the sandstone is overlain, with apparent con- 
formity, by Ordovician (Black River) limestones, although to the east, 
Beekmantown beds intervene. Above even the Ordovician strata rise 
some pre-Cambrian ridges which remained as islands thoughout the period 
of submergence. 

The sandstone consists of two members—a lower buff to white sand- 
stone about 20 feet in thickness, and an upper, thicker group of red sand- 
stones in which iron oxide is an important cement. The two grade into 
one another by interbanding of red and white layers. The cylindrical struc- 
tures exposed at Blake’s quarry lie in the upper group of beds, but their 
basal portions are not exposed. They may possibly descend to the pre- 
Cambrian floor. 

The major beds have a thickness of two to five feet. These are com- 
posed of alternating laminations of red, brown, or white, a fraction of 
an inch in thickness. Cross-bedding of the water-laid type is common 
and fairly regular throughout, the beds sloping chiefly to the south and 
southeast. 

Chemically, the sandstone consists of about 99 percent silica. Partial 
analyses of samples, the location of which is shown in Figure 1, are as 
follows: 


Sample No. SiO, Fe.0; 
2 99.34% 0.29% 

3 99.46 0.31 

10 98.95 0.84 


Texture analyses show the sand to be rather well sorted and of medium 
grain, approximately 78 to 89 percent having a diameter between 0.5 and 
0.208 millimeters. Microscopic examination of the quartz grains shows 
them to be well rounded, and in some cases almost spherical. Many are 
frosted or pitted. Most of them have a fine film of iron oxide which is 


10M. B. Baker: Op. cit., p. 16. 


i 


THE ENCLOSING SANDSTONE 1023 


more prominent in the red laminae. A thin section of the sandstone, 
Sample No. 13, shows that here the change from a red to white layer is 
due to an increase in the thickness of the iron oxide film, with no notice- 
able change in average quartz grain size. The depth of the red color 
varies only to a minor extent with the amount of iron oxide cement. 

The cement is chiefly quartz, which has enlarged the sand grains. Iron 
oxide appears to have been introduced either with the quartz or later, 
filling remaining openings or replacing earlier quartz. 

Separation of the heavy residual minerals by bromoform, from Samples 
1, 3, 10, and 13, yielded only small amounts in every case, the minerals 
occurring in the following order of abundance: ilmenite, tourmaline, mag- 
netite, pyrite, zircon, and a few grains of leucoxene. 

The presence of ripple marks and current bedding indicates shallow- 
water deposition of the sandstone in a gradually rising sea. Although 
much of the sand bears evidence of wind abrasion or aeolian transporta- 
tion in its spherical and pitted or frosted character, this is not incom- 
patible with the origin given, and, indeed, this feature is characteristic of 
upper Cambrian sands in many places. Some of the texture analyses also 
suggest an aeolian phase in the history, before final deposition. 

Thus, it is suggested that the sands were carried by streams and wind, 
probably from pre-existing sediments, into a shallow, island-dotted sea, 
where they were worked over and sorted by waves and currents. Although 
the iron oxide coating of many grains may be inherited in part from 
their source environment," modifications have undoubtedly occurred, in- 
volving their solution from the lighter bands and deposition on the grains 
of the darker ones. 


CYLINDRICAL STRUCTURES 
GENERAL DESCRIPTION 


Cylindrical structures characterizing the sandstone have been found 
by Baker at three localities—(1) on lots 21 and 22, concession X, of Stor- 
rington township, (2) on the north side of Dog Lake, at Blake’s quarry, 
and (3) on the side of the Rideau Canal opposite the quarry. They are 
best seen in cliff-like exposures of the sandstone, and their apparent rela- 
tive scarcity may be due to lack of favorable outcrops or to particular con- 
ditions required for their formation. 

At Blake’s quarry four large structures are excellently exposed (Fig. 3). 
They occur in almost a straight line along a cliff face about 20 feet high 
and 100 feet long. In composition they consist of sandstone, identical in 


1 W. H. Twenhofel et al: Treatise on sedimentation (1926) p. 179. 
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general appearance with the enclosing rocks, and like these, range in color 
from deep red to light gray. They have a nearly circular cross-section and 
a distinct concentric structure. They cut up through the sandstone, in a 
nearly vertical manner, across evenly-bedded and cross-bedded layers, 
about normal to the major bedding-planes. The structures are from ten 
to twenty feet high, as exposed, with diameters ranging from two and a 
half to ten feet. 


SEY y ffi 
/, 


Ficure 3.—Sandstone and cylindrical structures 


Diagrammatic vertical section at Blake’s quarry. (Drawn by W. C. Giissow.) 


In a few of the narrow, outermost concentric bands, traces of both 
horizontal and cross bedding are to be found. Such a band is present on 
the left of the cliff (Pl. 123), from which have fallen the cylindrical blocks 
shown. It is not easily discerned from the photograph, but is prominent 
when viewed from the cliff top. In none of the structures is there avail- 
able a complete vertical cross-section through the interior, except for dis- 
tances of a few inches, so the presence or absence of bedding within the 
structure cannot be positively proven. In some, the bedding of the sand- 
stone appears to end abruptly at the outer edge of the cylinder, and it is 
thought this condition prevails within. 

For purposes of description and analysis the structures have been 
numbered, and a few of their significant characteristics will be considered 
before presenting analytical data secured in the laboratory. 


DETAILED DESCRIPTION OF STRUCTURES 


Structure No. 1 is the most perfectly exposed. It is 20 feet long 
and 30 inches in diameter. About midway down the outcrop a cross- 
section is available in which concentric banding consists of three distinct 
rings with widths, from the outside to the center, of four, two, and nine 
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inches, respectively. Only two main bands appear at the top, where the 
central core is richer in iron oxides and protrudes above the sandstone at 
the surface. The outer band is firmly attached to the adjacent beds, its 
outer border being defined by two circular color rings. It is separated 
from the inner core by a cylindrical joint. 

About twelve feet above the base of the cliff the structure passes through 
a bed showing prominent cross-lamination. ‘Two of these cross bedding- 
planes have been opened by jointing. The joints, continuing from the 
well-bedded sandstone, pass without deviation through the entire structure. 
Although the jointing suggests that the cylinders themselves were cross- 
bedded, neither by color banding nor by change in grain sizes can any 
such bedding be observed within the cylinder. Accordingly, it is inferred 
that cross-bedding is absent and that the joints referred to have been 
localized by the structure of adjacent strata. It is clear, however, that 
cross-lamination of the sandstone is rendered visible largely by variations 
in the quantities of silica and iron oxide cement, differences in grain sizes 
being of an order difficult to distinguish. Hence, proof positive that 
cross-bedding is absent within the structure is not available. 

Other joints cf a cylindrical character separate the structure from the 
enclosing sandstone, and the core and intermediate band from the outer- 
most band. 

Structure No. 2 is situated twenty feet north of No.1. It has a diameter 
of about five feet and a visible height of twenty feet. A large portion of 
the core has fallen away from the cliff, but the outer band of the struc- 
ture still adheres firmly to the sandstone. As a whole, the structure is 
light gray in color, and on disc-like fragments, which lie at the base of 
the cliff, shows concentric banding throughout. 

The most interesting feature is seen at the cliff top, where the structure 
cuts through a cross-bedded layer of sandstone. On the inner surface of 
the remaining outer band, faint traces of easterly dipping cross-bedding 
are brought out by weathering, indicating that this portion was contem- 
poraneous with the enclosing strata. The concentric color banding is 
much the more prominent of the two structures and, as it cuts across the 
strata, is clearly superimposed on the cross-bedded layers which it tends 
to obliterate. Such cross-bedding as is visible in this band of the cylinder 
appears to conform to that of adjacent beds as shown in Plate 123. The 
vertical banding is visible only from the top. The inner portion of the 
structure, now resting at the base of the cliff, although similarly weathered, 
shows no traces of cross-bedding. Again, its absence in this portion of 
the structure is inferred. 

Structure No. 3 is the largest in the locality, having a diameter of at 
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least ten feet. Only one side is visible in the sandstone cliff, and a small 
portion at the top. Jointing has separated the structure from the sand- 
stone along its outer surface, but on the latter, at least, are traces of the 
bedding of the adjacent strata. The inner part of the structure here is 
inaccessible. The basal portion has been cross-jointed into discs, along 
somewhat irregular surfaces, normal to the long dimension. Although 
these surfaces correspond approximately with the bedding of the con- 
tiguous sandstone, no evidence that bedding actually passes through the 
structure was found. The joints may be as unrelated to bedding as are 
the horizontal joints of columnar joint blocks in basalt. 

Throughout its length the diameter of the structure is quite uniform 
except immediately above the jointed portion, where it decreases eight to 
ten inches over a height of six inches. At the top, the concentric struc- 
ture is somewhat irregular and marked by a wavy band impregnated 
with iron oxide cement. 

Structure No. 4 is found in a huge block of sandstone which has broken 
away from the cliff face. In this, only the top and the bottom sections 
are exposed. The downward continuation of the structure is found in 
place, twenty feet to the east. The diameter is three feet, ten inches. 
At the top, the outer seven-inch band is separated from the core by joint- 
ing, but outwardly it merges into the contiguous bed of sandstone, with 
only faint traces of the concentric structure now visible. Again, as in 
No. 2, the sand in the outer portion of the structure appears not to have 
been disturbed since the original deposition of the strata. 

At the bottom of the structure (in the sandstone block) is the best 
cross-section available, showing the cylindrical, concentric banding which 
runs at right angles to the bedding. No jointing has developed here to 
separate the structure from the beds. The bedding-planes of the sand- 
stone appear to end abruptly at the cylinder on all sides. The banding 
is brought out by variations in color from red to gray. Thin sections show 
that the color differences are due, as in the sandstone laminae, largely 
to the thickness of the iron oxide films on the sand grains and to slightly 
different amounts of iron oxide cement. 


ANALYTICAL RESULTS 
Structure No. 1 


General statement.—Samples were taken from various places in Struc- 
ture No. 1, for the purpose of making mechanical, chemical, and petro- 
graphic analyses to determine any relation existing between the bands 
themselves and between the sand in the structures as a whole and in ad- 
jacent beds. Location of samples with respect to this structure are shown 
in Figure 1. 
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Outer Band.—Microscopic examination of this reddish band shows the 
grains of quartz to be well rounded and each coated with a thin film of 
iron oxide. The cement is largely quartz, and a minor amount of iron 
oxide fills the remaining interstices in a patchy manner. 

Mechanical analyses Nos. 11 and 15, shown in graphic form, Figure 1, 
are of samples from this band. The coarsest sized grains make up only 
about ten percent of the total, which is less than in any other samples 
from within or without the structure. Factors determined from the cumu- 
lative curves, of the type illustrated in Figure 2, are as follows: 


Sample No. Equivalent Grade Grading Factor 
11 .027 
15 214 026 


Comparison of the two analyses shows that the slightly coarser sand 
in the band lies stratigraphically above that which is somewhat finer, for 
69.3 percent of No. 15 is greater than .208 millimeter diameter, and only 
63 percent of No. 11 is of this size. Equivalent grades further emphasize 
this relation, and comparison with other samples indicates that the band, 
as a whole, is somewhat finer in grain than either the interior of the 
structure or the surrounding sandstone. 


Middle band.—The middle band is gray and is only two inches wide. 
Samples 1, 4, and 17 were taken at different elevations, from top to bot- 
tom, respectively. All show a remarkable similarity. In Nos. 1 and 4 
the maximum is of the coarsest grain, and in No. 17 the maximum is 
equally divided between the two coarsest sizes. Factors determined from 
the cumulative percentage curves are as follows: 


Sample No. Equivalent Grade Grading Factor 
.235 026 
4 257 .029 
17 .240 .028 


Equivalent grades of the three samples are intermediate between those 
of the outer bands and that of the inner. Again, the vertical variation 
in sizes shows no sorting of larger grains toward the bottom, the coarser 
sand actually lying in the middle, a distribution to be expected in any 
series of bedded sands. 

The grains in this band are also well rounded, with a tendency to- 
ward subangularity in the finer sizes. Most of the grains have a thin 
film of iron oxide, although less than the grains of the outer band. The 
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heavy residual minerals are the same in kind and in quantity as those 
of the adjacent beds, consisting of rounded ilmenite, tourmaline, magne- — 
tite, zircon, leucoxene, and pyrite. Chemically it contains 99.31 percent 
SiO, and 0.48 percent Fe,0,. 


Innermost band.—The innermost band is deep red at the surface, from 
the iron oxide cement which increases in amount toward the center. Con- 
centric banding is brought out by weathered ridges which are not per- 
fectly circular. Sample No. 18 from this band shows, on mechanical 
analysis, that the maximum (39 percent) is of the coarsest grain and 
that 88.25 percent of the grains have diameters greater than .208 milli- 
meters. The equivalent grade is .266 and the grading factor .032. 

The most marked difference between this band and the others is in the 
larger content of iron oxide cement, although quartz is also present. 
Chemically, it contains 96.70 percent SiO, and 3.10 percent Fe,0,. 


COMPARISON OF SANDS IN STRUCTURE NO. 1 AND ADJACENT STRATA 


Samples, taken from the structure and from contiguous beds of sand- 
stone for comparison, are from three stratigraphic horizons. Figure 1 
gives the location and graphs showing texture analyses. Equivalent grades 
and grading factors, computed from the cumulative percentage curves, 


are as follows: 
Equivalent Grades 


Sandstone Structure No. 1 Sandstone 
No. 3-.218 No. 1-.235 No. 2-.201 
No. 8-.244 No. 4-.257 No. 5-.259 
No. 13-.238 No. 11-.196 No. 10 —.224 

Grading Factors 

Sandstone Structure No. 1 Sandstone 
No. 3-.030 No. 1-.026 No. 2-.029 
No. 8-.031 No. 4-.030 No. 5-.029 
No. 13-.031 No. 11-.027 No. 10-.031 


Starting with the samples from the lowest horizon, Nos. 11, 10, and 13; 
No. 11 is from the outer band of the structure, Nos. 10 and 13 from 
the sandstone on either side. Texture analyses graphs of these show a 
striking similarity, the major difference being in the amount of the 
coarsest size. Equivalent grades and grading factors reflect this dif- 
ference. 

Of the samples taken midway up the strata, Nos. 4 and 5 are nearly 
identical in all respects. No. 4 is from the middle band of Structure No. 
1. The difference between Nos. 8 and 4 is not as great as between Nos. 
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8 and 5, the latter two coming from the same bed. Lateral variation 
may account for these differences. 

Samples from the upper horizon differ more than any others, except 
in the grading factors, which have about the same range as those of the 
lowest horizon. Furthermore, the variation in the sandstone itself, as 
shown by samples Nos. 2 and 3, is as great as between the sand of the 
structure and either of these. 

In nearly every case the ratio of the percentage of large sizes—i. e., 
above 65 mesh—to the smaller is about as 3:1. 


ANALYTICAL RESULTS 
Summary 


Analyses of the cylindrical bands of Structure No. 1 show that: 


(1) The mechanical analyses, equivalent grades, and grading factors are 
all remarkably similar. 

(2) The average grain size increases slightly from the outer band to 
the center. 

(3) No definite sorting in a vertical direction is apparent in any of the 
bands other than that which would obtain in any bedded series of clastic 
sediments. 

(4) The color banding is due largely to the variable amounts of iron 
oxide coating the original grains, as in the adjacent sandstone. This is 
accentuated in the central band, or core, by the presence of more abundant 
iron oxide cement. 


Analyses of the bedded sandstones surrounding Structure No. 1, com- 
pared with those from portions of the structure lying on the same strati- 
graphic horizon, indicate the following: 


(1) In two out of three cases, texture analyses and derived factors are 
similar or almost identical. The minor differences are no greater than 
occur horizontally in the sandstone itself. 

(2) The degree of rounding, pitting, or frosting of the grains in both 
is identical. 

(3) Heavy residual minerals in the structure are similar in quantity, 
kind, and order of abundance to those of the bedded sandstones. 


Discussion 


It is shown best by the equivalent grades that in Structure No. 1 the 
average percentage of large grains in the outer band is slightly less than 
that of any samples taken elsewhere in the structure or contiguous beds. 
Grains of the middle band have the same range in equivalent grade as 
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those of the surrounding strata, and that of the sand in the central core 
is slightly larger than all the others. 

Examination of the sands from the core indicates that the increase in 
amount of the coarsest size is due merely to the adherence of iron oxide 
cement to the grains, which increases the diameter. Quartz cement, on 
the other hand, in all cases, is more easily removed by the crushing 
preparatory for analyses than is the iron oxide. The actual average size 
of the grains in the central core is, therefore, probably little different 
from that of the grains in the middle band or the outer sandstone. 

The smaller percentage of large grains in the outer band can not be 
explained by any peculiar type of water sorting, because such must have 
affected the inner bands and the vertical distribution of grain sizes 
throughout the structure as well. It may be recalled, also, that the outer 
bands of other structures contain vestiges of original bedding and ap- 
pear, therefore, not to have been disturbed since the strata were deposited. 
Hence, the difference in grain size must be due to a secondary alteration or 
to hazards of sampling. If the former, the cause is probably the solution 
of the outer part of some of the grains by circulating ground waters, to 
which some of the pitting may be due. Localization of this change may 
be attributed to the same forces which account for the structures them- 
selves. 

The vertical, cylindrical, color banding, likewise, does not appear to be 
related to any water sorting action, and may best be explained by the 
effects of solution of iron oxides from the grains of the light-colored bands 
and deposition there chiefly of silica, or by the deposition of additional 
iron oxides on the grains, or as a cement, in the darker bands. 


CONCLUSIONS AS TO CONCRETIONARY ORIGIN 


The main conclusion to be drawn from the foregoing is that the sand 
grains composing the structures were deposited contemporaneously with 
the enclosing strata, bed by bed, for they show a vertical variation in 
grain size similar to the bedded sands, the same type of sand grains, and 
similar kinds and quantities of heavy residual minerals. The cylindrical 
form, enveloping the sand and largely obliterating the bedding in the 
structures, must, therefore, have developed after deposition and before, 
or during, cementation of the strata. 

This conclusion rules out of consideration any theory of origin which 
involves the non-contemporaneous deposition of the sands in the struc- 
tures and the beds, such as the filling of former potholes. It eliminates, 
also, the theory that the structures were formed by the action of whirl- 
pools or eddying currents in waters at the time of deposition of the sands, 
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CYLINDRICAL STRUCTURE 
Showing eccentric banding, Huckleberry Island. Photo by E. L. Bruce. 
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for these should have re-sorted the sand grains in a manner differing 
from that in the adjacent beds. This theory is also rendered improb- 
able by the necessity of such currents remaining fixed in position through- 
out the time required for the deposition of the enclosing sandstone series. 
Cross-bedded layers of surrounding beds give no evidence of such whirl- 
pools. The arenaceous character of the structures, the absence of organic 
remains, and the very age of the deposits argue against the action of 
any organisms in their formation. 

This leaves only the concretionary theory of origin of the structures 
as a possibility. In composition and in concentric cylindrical structure 
they conform to the definitions of concretions in sandstone, as described 
by Twenhofel.'* The fact that they are composed of the same materials 
as the surrounding rocks does not exclude them from this category. It 
remains to be shown how such regular concretionary structures as these 
may form. 


METHOD OF FORMATION OF CONCRETIONARY STRUCTURES 


A concretionary origin for the structures implies that they were formed 
by the deposition of silica and iron oxide cement in a concentric, cylin- 
drical manner by circulating waters at some time following the deposi- 
tion of the sandstone. Factors causing the concentric banding of the 
cement in other concretions may be implied as active here. It is sug- 
gested that the color banding is, in part, caused by solution of iron oxide 
films from the grains, with deposition mainly of silica in the light bands, 
and of both iron oxide and silica in the red bands. 

Peculiarities of the structures which require further explanation are 
their fairly uniform diameters and their attitude normal to the surround- 
ing beds. Ordinarily, in thin-bedded rocks, concretions vary distinctly 
in diameter according to the porosity of the strata. Those in sandstone 
vary, thus, to a smaller extent than those in argillaceous sediments. 
Although mechanical analyses of the sandstone from a few horizons show 
a great similarity in grain sizes, and hence of original porosity, one might 
expect some variations in diameter where the structures pass across the 
beds. Only one marked constriction, as in Structure No. 3, was found. 
Some controlling factor, then, other than porosity, probably accounts for 
this uniformity. Similarly the vertical attitude of the structures and 
their cross-cutting of beds regardless of direction of lamination indi- 
cates some control other than that acting in the formation of ordinary 
concretions. 


122 W. H. Twenhofel et al: Treatise on sedimentation (1926) p. 498-515. 
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The only explanation that can be proposed at this time involves a theory 
which is supported by some experimental data. It is conceived that 
following, or throughout, the period of deposition of the sandstone, pos- 
sibly while it was still submerged, there appeared on top of the sands a 
series of springs, fed by columns of water rising from an unexposed hori- 
zon, such as the basal conglomerate or the underlying pre-Cambrian 
rocks. The nature of the adjacent landmass and the structure of the 
basement rocks, including perhaps a buried fault plane (the concretions 
lie approximately along a straight line), must have controlled the locus 
of the springs, their rate of flow, and hydrostatic head.** The flow 
must have been gentle, perhaps sufficient only to force the sands into 
open packing, thus creating a quicksand and destroying, in part or 
wholly, the original bedding, but not great enough to allow much re-sort- 
ing of the grains through which it passed. Such currents could have 
affected only those bands of the structures which now show no trace of 
original bedding—namely, the central cores of all the structures. The 
parts most disturbed in this way need not have been the center of the 
structures, as suggested by those with eccentric banding. 

The total thickness of unconsolidated sands, which might thus be af- 
fected by rising currents, is not known. The height of the concretions 
is at least over 20 feet, and the maximum thickness of the sandstone 
series is 65 feet. If the concretions extend across the total thickness of 
sandstone, under the theory, a hydrostatic head of at least this amount 
is required, which, in view of the rough hummocky nature of the then 
adjoining landmass, is not excessive. Considering the springs as active 
throughout the period of deposition of the series, working their way 
through the beds as they were formed, perhaps presents less difficulty than 
imagining them having to ascend through the whole series after deposi- 
tion. 

A factor, which probably would have aided in the localization of such 
columns of water and in the retention of sharp columnar boundaries 
through so great a height, has been suggested recently to the authors by 
J. E. Hyde.** He points out that “the springs . . . would surely 
have their source in (nearby) land areas and would reasonably be ex- 
pected to be fresh water. Ells has shown that at least the upper portion 
of these sandstones, transitional to overlying limestone, is marine. If 
the sands were saturated with salt water, the lesser specific gravity of the 


18 Within a radius of one mile, outcrops of pre-Cambrian rocks rise in places to an 
elevation now 75 feet above the tops of the cylindrical structures, so that a hydrostatic 
head of at least this amount is quite possible. 

4 J. E. Hyde: Written communication. 
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fresh water might be expected to cause its rise more directly through the 
sand.” The experiments, detailed below, did not take this factor into 
consideration. 

Experimental confirmation that a cylindrical structure (without the 
concentric banding) would form by such rising currents of water was 
obtained in the following manner. 

Evenly and distinctively colored layers of sand were laid in an oblong 
container on top of a glass tube in which were openings through which 
water could later be forced. Sulphur *® was mixed with the sand, so that 
on later drying and baking it would melt, and act as cement on cooling. 
The sand was saturated, and water was then forced slowly into the tube. 
On top of the sands, sub-aqueous springs soon appeared. After the 
spring action had been continued for a short time, the container and sand 
were dried, baked, and the sand specimen removed and broken open. 
Below each spring the sand was found to be poorly cemented where the 
sulphur had been washed away. In some tests this portion crumbled 
on removal from the container. In one case, removal of the loose sand 
left a fairly perfect cylindrical opening. In others, where the sand re- 
mained in position, vertical cross-section showed cylindrical structures 
in which the original bedding had been destroyed. 

It is conceived that into such vertical cylinders of loose sand, formed 
in the above manner, cement was later deposited, either by laterally or 
by vertically moving waters, or both, to give the concentric banding. 
Solution of the iron oxide films of sand grains in certain bands and re- 
deposition elsewhere seems to have aided in this respect. Variations in 
the nature of the banding in different structures may be explained by 
variable conditions in the nature of the springs themselves, and in porosity 
conditions existing at the time of final cementation. Certain outer 
bands, which preserve traces of the original bedding, indicate the con- 
tinued cylindrical growth of the concretions beyond the original cylinders. 

Non-uniform supply of cementing material from the sides may, in 
part, explain those structures with eccentric banding, initial growth of 
which undoubtedly began “off center,” caused, perhaps, by the more dis- 
turbed conditions of the sands on one side of the structure. Variations 
in diameter of the structures, as in No. 3, may be caused by lower porosity 
of adjacent beds opposite the constrictions in the structure, or by irreg- 
ularities made by the rising currents of water. 

The structures, according to the above theory, may be known as “quick- 
sands enclosed by concretions.” 


18 A method used previously by W. J. Mead, University of Wisconsin. 
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SUMMARY 


Cylindrical, tree-like structures in the basal Paleozoic sandstone near 
Kingston are described in detail. From an unexposed horizon these rise 
vertically through nearly horizontal strata. They are shown to be com- 
posed of sand grains similar in characteristics and in general size and 
assortment to those of the enclosing beds, and are considered to have 
formed during, or after, deposition of the sand, but before final cementa- 
tion. The concentric, cylindrical color banding is believed to be con- 
cretionary in nature, localized by the presence of vertical cylinders of un- 
cemented and not excessively disturbed sand. The formation of these 
is attributed to the action of currents of water, rising vertically through 
the strata from, possibly, a buried fault line or other controlling struyc- 
ture, destroying the original bedding throughout the cylinders, forming 
quicksands therein, and appearing at the surface as submarine springs. 
Structures under this hypothesis, might conveniently be referred to as 
“quicksands enclosed by concretions.” 
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Topographical and geological sketch by Arnold Heim. Approximate position of Taofu, after Survey of India: Lat. 30° 00’ N. Long. G 
earthquake cracks are indicated only as far as they have been directly observed. Precise age of the formations is not known. The lin 
are younger than the slate. The main dislocation is younger than either, and is still a live faultline as demonstrated by earthquakes. 
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GION OF TAOFU, CHINESE TIBET 


10’ N. Long. Gr. 101° 21’ E. Bedrock northwest of Saofu, is extensively loess-covered. Paleolithic site in the loess of Ngo-yii is indicated by +. Recent 
nown. The limestone with associated green shale is probably the oldest formation (Devonian or Permo-Carboniferous). The granite and the gabbro-diabase 
rthquakes. 
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INTRODUCTION 


The observations presented here were made during a rapid reconnais- 
sance expedition in Sikang Province (Chinese Tibet), organized in 1930 
with the support of Sunyatsen University, Canton. A year previously, 
Rev. J. H. Edgar, of Tatsienlu, remarked that, as the result of attempts 
to trace the fissure-lines across the stricken area, he had become convinced 
that many of the fissures were of considerably greater age but had passed 


* Manuscript received by the Secretary of the Society, June 28, 1933. 
(1035) 
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unnoticed until the time of the catastrophe. The accuracy of his conclu- 
sion was amply demonstrated during the course of the expedition, which 
greatly profited by his guidance in the field. Cordial thanks are due to 
him, as well as to Mr. and Mrs. Marcel Urech, of the China Inland Mis- 
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Figure 1.—Structure section near Taofu 


(1) Limestone; (2) Green shales; (3) Gabbro-diabase; (4) Slate with sandstone; (dot- 
dash line) Supposed thrust fault. 


sion at Tatsienlu, whose hospitality and help were large factors in the 
success of the expedition. 

The most important publications dealing with earthquakes in China 
refer almost exclusively to North and Northwest China proper, and such 
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Figure 2.—Hillside south of Djaantju 


Recent (r) and sub-recent (c) earthquake cracks. 


authorities as Wong? and Labrouste-Dammann? make no mention of 
the frequent destructive shocks in Chinese Tibet. 

According to the most reliable areal map available—that issued in 1922 
by the Geological Survey of India (1/1,000,000)—Taofu lies in Lat. 
31° 00’ N. and Long. 101° 21’ E., 135 kilometers northwest from Tat- 
sienlu. The journey by yak and mule caravan takes six days, going by 


1 Wong Wen-hao: L’Influence seismogénique de certaines structures géologiques de la 
Chine, Cong. Géol. Intern., C. R., XIII sess., Belgique (1922) p. 1161-1197. 

2Y. Labrouste-Dammann: Etude historique de la seismicité en Chine, Comité des 
travaux historiques et scientifiques, Bull. Sect. Géog., tome 43 (1928) p. 147-168. 
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way of Haitseshan or Tsheto Pass and Tailing. As no base map was in 
existence, the sketch map accompanying this report (Pl. 125) had to be 
based on compass bearings. 

Plate 125 shows that the drainage belongs to two basins, (1) that south- 
east of the Gaitshilango Pass (4000 meters) draining into the Tung 
River (Ta-tu-ho), and (2) that draining westward into the Yalong River. 
These two rivers cut the highlands longitudinally, following the structure, 
and are responsible for the local base levels of erosion. Tributary streams 
enter them across the strike of the bedrock. 

The age relationship between the longitudinal and the transverse 
streams possibly is complicated, the Shi-tshu seeming to have been beheaded 
by the Sunglinkou River in the vicinity of the broad flat Haiko saddle, 
above the point where its valley narrows and its gradient increases on its 
descent towards Taofu. 

The erosional features are entirely due to water, no sign of glaciation, 
past or present, being visible. The prevailing idea that the July-August 
high-water of the Yangtze tributaries from this region is due to melting 
snow is incorrect. Little if any snow lies on the plateau country of Chinese 
Tibet in winter, and even in the Pleistocene it is questionable whether this 
factor operated as one of major importance. The run-off seems to be due 
to the two periods of rain which follow the dry winter, in April and in 
July. 

STRATIGRAPHY 
SEDIMENTARY ROCKS 
General statement 

Due to the faulted character of the region and to the extensive cover 
of loess and talus, it proved impossible in the time at our disposal to estab- 
lish any detailed stratigraphic column for the area. It is clear, however, 
that two main series are present ; one characterized by Paleozoic limestone 
with associated green shale, and the other by dark slates with intercalated 
sandstone of unknown age. These two groups of associated sediments 
occur over a large area of Sikang and are well developed in the region of 
Tatsieplu and Litang. A brief lithologic description is perhaps justified 
by way of record. 


Paleozoic limestone formation 

The limestone at Taofu is light gray in color, weathering white, and 
often without visible stratification. The total thickness probably exceeds 
500 meters. Wherever it occurs in contact with the slate it is marbleized, 
due to overthrust which has obliterated any paleontological means of 
dating the formation. Even at the entry to Shi-tshu gorge (two kilo- 
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meters south of Taofu) where the limestone is still unmetamorphosed, only 
indeterminate fragments of brachiopods and crinoids were found. Tenta- 
tive correlation with limestone of similar appearance and shale association 
near Lutingtshao on the Tung-ho * and with that of Hsuimogo * west of 
the Min River, suggests a Devonian age. Permo-Carboniferous might 
be an alternative possibility but for the fact that no fusilinids were found. 


Green shale formation 


The best exposures of green shale are also in the Shi-tshu gorge south- 
west of Taofu; in an adjoining tributary valley, shale crops out over a 
distance of about a kilometer. Here it is associated with chlorite and 
amphibole schists. Northwest of Taofu the assocation is with red and 
blue-black clay shales. The shales are well laminated and appear to be 
fine water-laid ash deposits of basic composition. Their association with 
the limestone over a wide area seems to indicate that both belong to the 
same stratigraphic unit. 


Slate 


Slate is by far the most widespread formation found in Sikang. It 
occupies the entire stretch from Tsheto Pass near Tatsienlu to Litang, a 
distance of 300 kilometers across the strike. It is intricately folded and 
severely crumpled so that no succession could be worked out. Its mini- 
mum thickness cannot be less than two kilometers. No normal contacts 
were discovered. No recognizable fossils were found. Hence, its age is 
problematic, although, on structural grounds, it is probably younger than 
the limestone. 

The facies resembles the “Bundnerschiefer” (schistes lustrés) of the 
Alps. Gray and black slates and phyllites occur, interbedded with layers 
of hard sandstone. Where exposed below the overthrust the limestone at 
Taofu remains slaty for about 20 kilometers. 


Loess 


With increasing distance northwestward up the valley from Taofu the 
hills become more and more covered with light yellowish loess, until at 
Sharato all the side-valleys are covered with a thick mantle of the eolian 
deposit. The loess filling the tributary valleys is somewhat more compact, 
less porous, and more brownish in color. It has furnished stone implements 
of older palaeolithic type and contains occasional layers of water-borne 


Sv. Lo¢zy: Szechenyi Expedition (1893). 
* Arnold Heim: Geol. Surv. Kwangtung and Kwangsi, Ann. Rept., vol. 2 (1930). 
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A. Looking northeast, from northeastern side of Méng-ge-la, at about 4000 meter elevation. 
Main valley passes from left to right in middle distance, as indicated by arrows. Behind it 
are the transverse side valleys of Taofu. In the background is the granite range with snow 
peaks, the highest (5700 meters, N. 52 E.-magnetic) being the one indicated by T, for which 
the name, Taofu Peak, is proposed. Foreground is composed of slate formation. Peneplain 
is more than usually eroded. Platforms of the peneplain in left distance (P). In left fore- 
ground is the trail from Rino (Nyarong) just before its descent into the side valley west 
of Taofu. Photo by Hofer. 


B. Shi-tshu Valley at Sharato, 3160 meters above sea level. Looking southwest, Catholic 

Mission in foreground. Loess-covered mountain in background cut across by earthquake 

ravines of sub-recent type. Horizontal terraces are grain fields, partly abandoned. The most 
interesting double-crack is at the left. Compare with Figure 5. Photo by Hofer. 
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A. Sub-recent earthquake ravines opposite Sharato, showing upward connections and double 
ravine. Viewed from the east. Compare with Figure 6. Photo by Hofer. 


B. Gap on south side of Tshangtshiin Pass. Looking southeast from a point about thirty 

kilometers northwest of Taofu. Gap caused by a small rift fault, followed by recent cracks. 

Ice-covered pond (left) is between two recent rift-cracks caused by the earthquake of 1923. 
Photo by Hofer. 
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stones. In general, however, it is non-stratified. Its thickness is five 


meters and more.® 

The loess of the hills is more porous and contains recent Heliz. In 
fact, loess still seems to accumulate at the present time during the dry 
season with its winds from the northwest. The writer assigns the loess 
of the Taofu Valley to the younger Quaternary. 


Lake deposits 


Local Tibetan tradition, preserved in the name of Nyingtso (“Old 
Lake”) Lamasery, holds that the valley was formerly occupied by a lake. 


\ 
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Ficure 3.—Longitudinal Fault Scarp 


Looking east from a point southeast of Longtshima Pass, and northwest of Tailing. 
(S) Slate with sandstone layers, (R) Fault. 

A five-meter terrace of stratified loam, capped with non-stratified loess, 
flanks the river at Taofu on the north and the east. The material was pre- 
sumably washed from the upper slopes and re-deposited in a lake, furnish- 
ing fine soils which are cultivated for wheat and barley. During late 
Quaternary time the floor of the depression was evidently the site of a 
lake several square kilometers in extent. It probably originated as the 
result of ponding by landslide at Shi-tshu gorge and was, in turn, drained 
when the barrier was removed by erosion. 


Stream deposits 


Recent deposits of sand and gravel can accumulate only in places where 
the valley widens sufficiently—southeast from Taofu and around Sharato. 
A larger plain occurs at Tailing. Here, gold has been recovered from 
the gravels. The source of the gold offers the same problem presented in 


5 Arnold Heim : Paleolithic remains in Chinese Tibet, Eclogae geol. Helvetiae (in press). 
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many other parts of Sikang, where the bedrock is slate and sandstone, and 
where its origin seems bound up with the presence of pyrite in the slate 
formation.® 

Numerous fans, containing an abundance of granite pebbles, project 
from the tributary valleys. The largest and most perfect fan is that of 
Sao-ér, near Kokia, which has a width of over two kilometers and has 
pushed the river toward the northeast in a great bend. 

River terraces are poorly developed. A ten-meter terrace occurs south- 
east of Djossni. Higher gravel terraces of greater age flank the river at 
Kwantshai, between Toafu and Tailing, attaining heights of twenty, 
thirty, and even fifty meters. 


MOUNTAIN SLIDES 


A single important mountain slide is observable near Taofu. The deep- 
ening of the Shi-tshu gorge has undermined the green shale until the lime- 
stone has slid down towards the river over the weaker member along an 
arc nearly one kilometer in width (m in Pl. 125). 


IGNEOUS ROCKS 

Diabase 

All the igneous rocks of the area are intrusive, younger than the lime- 
stone and slate, and older than the early fractures and the loess. Basic 
intrusions are of minor importance. They occur at Litang and farther 
north. Near Taofu, they are best seen in the Shi-tshu gorge, where a 
major mass of diabasic gabbro intrudes the limestone. Smaller dikes cut 
the slate-sandstone series, metamorphosing the latter to quartzite. 


Granite 


Two large masses of granite occur, separated by ten kilometers of slate. 
Songlingko Batholith is a granitic mass southwest of the Taofu-Tailing 
Trail, with a northwest-southeast extension paralleling the valley for 30 
kilometers. The rock is a coarse-grained, gray to pink, massive granite. 
Mount Jara Batholith lies in direct continuation of the Minya Gongkar 
Range, which forms the highest mountains of the country.? It has a north- 
erly extension exceeding 100 kilometers. Locally it has been converted 
to gneiss. 

TECTONIC FEATURES 


Study of the internal structure of the region was limited to the area 
extending southwest of Taofu. East from the Nyarong country on the 


6 Arnold Heim: Minya Gongkar, Verlag Hans Huber, Berlin (1933). 
7 Arnold Heim: Structure of Minya Gongkar, Bull. Geol. Soc. China, vol. 11 (1931). 
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Yalong River, the trail crosses a zone of the slate series, 100 kilometers 
wide, showing intense lateral compression, with vertical or steeply dipping 
beds whose strike veers from east-northeast to north and then to north- 
northwest. Still farther west the strike passes to northwest and back to 
north-northwest. 

Beyond Shug-la (4800 meters) a range composed of white limestone 
rises to 5000 meters. The next range to the northeast of Taofu Valley— 
apparently of granite—has snowy peaks reaching 5500 meters. It may be 
seen to advantage from the pass over Méng-ge-la (4400 meters), where the 
first limestone range stands as an isolated block thrust up onto the slate 
which now crops out all around it. 

As one approaches Taofu from the West, the dip of the slate series flat- 
tens to horizontality. Then abruptly the trail passes onto a wide belt of 
tuffaceous shales with diabasic intrusions of the type associated with the 
limestone. Apparently the limestone, where undisturbed, normally under- 
lies the slate but locally has been thrust up over it. This inference was cor- 
roborated by the discovery in the Shi-tshu gorge of a well exposed over- 
thrust contact, with slickensides following the direction of the dip (50°- 
60° northeast), indicating overthrust towards the southwest (Fig. 1). 


EARTHQUAKES AND DISPLACEMENTS 
RECENT EARTHQUAKES 


Earthquakes of destructive violence occurred at Tailing in 1894 and in 
1898, at Taofu in 1904, and at Sharato in 1923.8 

Recent fissures are due to the Sharato earthquake of March 24, 1923. 
According to Rev. J. H. Edgar, the main shock occurred at 19 hours 15 
minutes local time. It had a Rossi-Forel intensity of ten (complete de- 
struction) for a distance of 80 to 100 kilometers along a southeast-north- 
west axis. Forty percent of the Christian population at Sharato were 
killed. At Ta-tshao, 30 kilometers to the northwest, not a house was left 
standing. Kaladrong, regarded as the epicenter, was destroyed and two- 
thirds of the population wiped out. Similar havoc was wrought through- 
out the district. It is noteworthy that there is a sharp line running south- 
east-northwest along the axis of the main valley, on the northeast side of 
which destruction was complete, whereas on the southwest side, disturb- 
ance was comparatively slight. 


8 Hsu-Jui-lin [Bull. Geol. Soc. China, vol. 11 (1931)] mentions Tailing (1893) and 
Taofu (1905), but his descriptions are not in accord with those of local inhabitants. 
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Ficure 5.—Shi-tshu Valley at Sharato 


Sketch of the southwest side of the valley, showing numerous sub-recent lateral earthquake cracks. 


SEISMIC RECORD 


The shock was registered all over the 
world. Dr. Wanner, of the Seismo- 
logical Station at Ziirich, has kindly 
furnished the following data: 


The earthquake of March 24, 12 h. 
40 m. 1923 was located at 31° 30’ N. 
Lat., and 100° 30’ BE. Long., the calcu- 
lated epicentral time being 12 h. 40 m. 
10 s. M.Z.G. (or 19 bh. 27 m. local 
time). Its intensity fell far short of 
the Tokyo 1923 quake or of several 
recorded from Kansu. 

The depth of the hypocenter was 
normal, i. e. about 80-100 km., whereas 
a former quake of 1919 from the same 
region was of quite shallow origin; 
but even the main quake of Sharato in 
1923 was shallow compared with the 
great depths (up to 500 km.) of the 
coastal Pacific quakes. 


It may be added that the still more 
recent Sinkiang earthquake of August 
10, 1931, was the strongest in twenty 
years, with an amplitude 200 times that 
of the Sharato quake. 


EARTHQUAKE FISSURES 


A provisional distinction between 
earthquake fissures is made on the basis 
of age, as follows: 

1. Recent—includes those cracks and 
fissures due to shocks of the last 40 to 
50 years, in process of obliteration today 
by overgrowth or slumping (indicated 
by r in diagrams). 

2. Sub-recent—includes those show- 
ing distinct widening of fissures by late 
erosion, and dating perhaps from late 
Quaternary time (c in diagrams). 

3. Ancient — includes those cases 
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where the surface effects are entirely erosional, the seismic origin being 
inferred from other evidence (o in diagrams). 

4, Fault Scarps with distinct displacement, added for completeness 
(f in diagrams). 

RECENT FISSURES 

The field sketch (Fig. 2) shows the trend and topographic influence of 
faults and fissures on the landscape in the Tailing district. 

More striking effects were found in the epicentral locality near Kala- 
drong (Fig. 4), where Rev. Edgar followed the main crack, where it was 
still fresh, for ten kilometers along a northwest line that followed older 
gaps and minute rifts. Locally parallel cracks and branch fissures, trend- 
ing west or west-southwest, were also traced. The actual displacement 
of the recent cracks is slight, the fissures involving subsidences of less 
than 20 centimeters where the parallel cracks are spaced at intervals of 
20-40 meters. On the northeast side of the Tshangtshiin Trail, halfway 
between Ta-tshao and the pass, the fresh traces of the anastomosing fis- 
sures may be followed over the loess-covered hills. These are shown in 
the sketch as “dotted lines” trending north to northeast. In the sketch 
two such swarms of cracks are shown in the right half of the field. At 
the epicenter the sharp cracks give place to a hummocky topography, the 
earth having been thrown up irregularly. 


SUB-RECENT FISSURES 


Sub-recent fissures are abundant and varied in pattern and character. 
Those near Tailing are exemplified in Figure 2 and indicate the type of 
evidence on which the nature of their origin is inferred. The ravine shown 
south of Djaantju dies out near the base of the hill, without any normal 
erosional or depositional termination. Similarly, the gully indicated by 
the bearing, S15W, passes over the crest of the hill in a manner unex- 
plainable on the basis of unaided erosion. 

Sub-recent fissures show great variation in direction, and may be found 
trending to all points of the compass. That they are not just superficial 
effects due to surface slipping is shown by such significant exposures as 
the valley section (Fig. 3), two kilometers southeast of Longtshima Pass, 
where a two-meter scarp follows the line of a small fault, exposed by recent 
erosion, which cuts steeply across the slate bedrock. Northwest of the 
pass the trail follows a rift depression some 30 meters wide, whose sub- 
recent age is indicated by the talus, which is regarded as having occurred 
since. Near Taofu, sub-recent fissures are well developed on the slopes two 
kilometers northeast of the great lamasery, two indutiable branch fissures 
cresting the hill as shown in Plate 128, A. 
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Northwest of Tatshao, the features noted at Tailing are repeated. The 
saddle of Tshangtshiin Pass shows a zone, a kilometer wide, with many 
scarps and shelves, determined, in part at least by longitudinal faults and 
also followed by recent cracks. An excellent example is shown in Plate 
127, B. The tributary valleys develop similar features, with transverse 
fissures. 

In the Kaladrong-Sharato district, sub-recent longitudinal fissures are 
not well displayed, being obliterated presumably by later erosion or deposi- 


/ 


Figure 6.—Rift-Gap on Trail northwest of Tailing 


(T) Quaternary gravel terrace, about 40 meters above river; (t) trail. 


tion, but transverse fissures are innumerable, their directions anastomosing 
from the now-obliterated trace of the longitudinal stem. The perfect de- 
velopment of the pattern is due to the loess covering, which yields readily 
to erosion and allows the drainage pattern determined by the rifts to be 
superposed on the underlying bedrock. Besides straight fissures, sharp 
elbowed and curved fissures are frequently seen. Figure 5 shows the 
varied gully-pattern of the hills facing Sharato, in relation to the longi- 
tudinal fault-valley with its alluviated floor. The arrow in this sketch 
points to the position of a remarkable ravine shown in Plate 127, A, the 
salient points of which are also emphasized in the diagram (Fig. 6). At 
two points the ravines converge upward instead of downward, as they 
normally would if produced by erosion, and, in addition, the right one is 
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a “twin” with a crest down the middle. No simple erosional history is 
adequate to account for these features. 

In general, most of the sharp ravines on both sides of the main longi- 
tudinal valley in the Sharato area are of earthquake fissure origin, and 
have been widened by the erosion of the rainy months. 


CHARACTERISTICS OF SUB-RECENT FISSURE RAVINES 


In trying to establish criteria for the recognition of fissure-ravines as 
distinct from forms of purely erosional origin, the following features are 


Figure 7.—Characteristic features of ravines derived from sub-recent earthquakes 


(S) Slate formation, (L) loess, (A) alluvial plain of Shi-tshu, (r) recent longitudinal 
erack of 1923. (1) Recent cracks following old ravines although the latter are not 
influenced by the substructure; (2) direction of ravines oblique to the slope; (3) parallel 
ravines with crest between; (4) elbow ravines, the bend of which is not caused by rock- 
structure; (5) ravines converging headward; (6) ravines cut along convex side of hills 
and ridges; (7) ravines not ending toward the top of the slope, but continuing as small 
gaps over the crest of the hill; (8) interrupted gaps along the slope, repeated in a more 
or less straight line, regardless of the substructure and of the general trend of erosive 
action ; (9) ravines terminating toward the foot of the slope, without reaching the normal 
base of erosion; (10) intersecting ravines with or without short interruption of the 
younger one above the older; (11) cracks forming an arch or semi-circle. 


deduced from observations in the Taofu-Sharato region as being char- 
acteristic of ravines of earthquake origin (Fig. 7, in which numbers cor- 
respond to the features listed below) : 

1. Recent cracks follow old ravines, although the latter are not in- 
fluenced by the substructure. Observed at Sharato (Pl. 128, B) and at 
Tshangtshiin Pass (Fig. 4). Although this is not a proof, it makes it 
seem probable that the old ravine also was initiated by an earthquake crack. 

2. Direction of ravines is oblique to the slope or locally even nearly 
parallel to the horizontal contour lines. Observed in many places from 
Sharato to Tshangtshiin Pass (Fig. 5). 
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3. Parallel ravines with crest between. Observed opposite Sharato 
(Pl. 126, B; Pl. 127, A; and Fig. 5). 

4, Elbow ravines, the bend of which is not caused by rock structure. 
Observed southeast of Sharato. 

5. Ravines converge headwards. This feature may occasionally also 
be caused by simple erosion and is not entirely decisive in itself. Observed 
south of Sharato (Pl. 126, B; Pl. 127, A; Fig. 5). 


JA. H. 


Ficure 8.—Crest of Granite-Gneiss Range 


Looking northeast from a point about five kilometers east-southeast of Mount Jara. 
Showing sawtooth profile, formed by transverse step faults. 


6. Ravines cut along convex side of hills and ridges. Observed in many 
places, as, for instance, opposite Sharato (Pl. 127, A) and at Tailing 
(Fig. 2). 

7. Ravines not ending towards the top of the slope, but continuing as 
small gaps over the crest of the hill. Observed northwest of Kaladrong 
and at Taofu (PI. 128, A). 

8. Interrupted gaps along the slope, repeated in a more or less straight 
line, regardless of the substructure and of the general trend of erosive 
action. Observed at Tatshao (Djintja) southeast of Kaladrong, and at 
Longtshima, northwest of Tailing. 

9. Ravines terminating toward the foot of the slope, without reaching 
the normal base of erosion. Observed south of Sharato (Fig. 5) and east 
of Tailing (Fig. 2). 

10. Intersecting ravines with or without short interruption of the 
younger one above the older. Observed from a long distance south of 
Sharato, but not studied in detail. 


LXVIII—Bv.Lu. Grou. Soc. AM., Vor. 45, 1934 
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11. Cracks forming an arch, or semi-circle. Observed at Kiakilon 
(Sharato) and at Taofu. 

From this data, the writer concludes that most sharp ravines in the hills 
on both sides of the longitudinal valley within the region of Sharato are 
initiated by sub-recent earthquake cracks, and have been widened by 
erosion at the time of rainfall (especially that of April and July-October). 


OLD RAVINES 


How far the still older ravines are fissure-controlled is a moot point, but 
there is evidence to suggest that in many instances this has been the case, 
especially where recent fissures follow not only the sub-recent trends but 
also the ravines of greater antiquity. 


FAULT DISPLACEMENTS 


Although vertical displacement connected with recent and with sub- 
recent fissuring are only of the order of a few decimeters for the former 
and a few meters for the latter, there is evidence of major faulting of much 
greater age. Thus, the saw-tooth profile of the snow-capped granite range 
southeast of Mount Jara is due to the fact that the granite is cut by 
repeated faults that dip southeast, with downthrow in that direction 
(Fig. 8). Similar features were studied in the slate terrain at Tailing. 
These faults are transverse to the main valleys, which themselves are 
clearly determined by a major fault system of primary importance. This 
major fault system, it may be noted, corresponds with the general strike of 
bedrock of the region. No means of estimating the magnitude of the 
movements involved in either fault system has thus far been available. 


INFLUENCE OF STRUCTURE AND FISSURES 


The orientation of the main valleys and passes is clearly related both 
to the northwest-southeast axial trend of the folding and to the direction 
of the major longitudinal faulting. Both the old and the new main 
fractures are aligned with the major longitudinal valleys. 

The close general relationship between the topography and the struc- 
tural axes is important. The influence of the structure cannot have been 
limited to recent shocks alone, but must have been exerted over an immense 
span of time, probably since the Middle Tertiary mountain-building move- 
ment. 

The effect of this control shows primarily in the drainage pattern, and 
in this connection the divergencies of drainage from bedrock structures 
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A. Sub-recent earthquake cracks of Taofu side valley, two miles northwest of Taofu. 
Shadow on the right is caused by a grass fire. Photo by Hofer. 


B. Hillside north of the Mission of Sharato. View looking north. (Right) ravine origi- 
nally caused by earthquake crack and widened by erosion; (left) fresh earthquake crack 
in loess, made in 1923, following the old ravine. Photo by Hofer. 


EARTHQUAKE CRACKS 
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are significant. A small crack is enough to direct the flow of water, and, 
once started, erosion maintains the original course of the stream with little 
or no regard to bedrock structure. Hence, in an area subject to seismic 
disturbance over a long period of time, fissures of all ages have played 
their part and left their mark even after all other signs of their presence 
have been lost. 
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INTRODUCTION 


Among mammalian types obtained by the California Institute of Tech- 
nology in a late Miocene fauna from the Esmeralda formation near 
Tonopah, Nevada,* is a feline of the Psewdelurus group. Fortunately, 
the material on which the determination is based represents several indi- 
viduals and furnishes for the first time information concerning the struc- 
ture of the skull and the upper dentition for this American stage in the 
history of the Felidae. Although the type of P. intrepidus from the 
Miocene of Nebraska was described by Leidy as long ago as 1858, and 
although this and a related species have been recorded since that time 
from several Miocene horizons in North America, in no instance are 
remains of the skull and the upper dentition available. 

All the lower jaw specimens from Locality 172 are smaller than the 
type of P. intrepidus and are more nearly comparable to P. marshi in size. 
However, the most complete skull from the Tonopah locality doubtless 


* Manuscript received by the Secretary of the Geological Society, January 22, 1934. 

2 California Institute of Technology, Vertebrate Paleontology, Locality 172. Geo- 
graphic position may be given as follows: N. 39° W. and 3.6 miles from U. S. Geological 
Survey bench mark 206, located 8 miles north of Tonopah, Nevada (Tonopah quadrangle). 
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was associated with a ramus of the mandible, fully as large as that of 
Leidy’s type. Although the talonid of the first lower molar is more reduced 
in at least one of the rami than in the type of P. intrepidus, essential 
similarity to the latter in character of heel is to be noted in other specimens 
from the Tonopah locality. 

In the absence of any noteworthy and constant differences, the material 
is referred to Leidy’s species. 


PSEUDZELURUS INTREPIDUS LEIDY 
DESCRIPTION OF MATERIAL 


Skull 

The skull, represented by specimen No. 791 ? (Pl. 129), although imper- 
fectly preserved in a cherty matrix, and consequently prepared with some 
difficulty, fortunately presents a number of characters for comparison. 
The specimen approximates in its measurements a puma skull of average 
size and may be comparable in this character to Metailurus major. It is 
evident from what remains of the palate and the upper dentition that 
No. 791 represents a larger and somewhat older individual than No. 1233 
(Pl. 130, A, A’). As viewed from the side, the orbit appears to have been 
small. The facial extension of the premaxillary is relatively broad ante- 
roposteriorly, and the surface of the maxillary over the root of the canine 
is noticeably convex. The anterior opening of the infra-orbital canal is 
large. Unfortunately, nasals, frontals, and portions of the parietals are 
not preserved. The lambdoidal crests and what remains of the sagittal 
crest are well developed. The occipital region is carried distinctly behind 
the well-rounded brain-case and overhangs considerably the condyles. In 
this regard, Pseudelurus does not resemble Felis and is more like the 
earlier Tertiary cats. Its resemblance to Nimravus is greater than to 
Metailurus, although it differs from the former in a fuller appearance of 
the brain-case. 

Interesting transitional characters are displayed in the basicranial 
region. Thus, the tympanic bulla is small, but is completely ossified. In 
the latter character, Pseudelurus marks an advance beyond Nimravus and 
is like Metailurus. The bulla is smaller than in the type of M. minor. 
The paroccipital process projects backward more than in Felis, in which 
respect Pseudalurus is like Metailurus and Nimravus. The mastoid 
process is not connected by a crest with the paroccipital process as in 
Felis, but is quite distinct from the latter. Between the mastoid process 


2 Calif. Inst. Tech., Vert. Pal. Coll. 
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PSEUDAELURUS INTREPIDUS LEIDY 


A,B, and C, skull, No.791. A, view of palate and upper dentition; B, view of basicranial region; 
C, lateral view of cranial region; X 2/3. California Institute of Technology Collection. 
Esmeralda Miocene, near Tonopah, Nevada. 
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PSEUDAELURUS INTREPIDUS LEIDY 


A, A’, maxillary fragment with upper dentition; A, inferior view; A’, lateral view; X 1. B, right 
ramus of mandible with lower dentition, No. 1233; lateral view; X 1. California Institute 
of Technology Collection. Esmeralda Miocene, near Tonopah, Nevada. 
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and the outer wall of the bulla, a groove leads forward to the stylo-mastoid 
foramen. The position of this foramen and of the associated tympano- 
hyal pit is similar to that in Felis, but the downward and forward con- 
tinuation of the lambdoidal crest is farther forward with reference to the 
mastoid process than in the modern genus. At its lowest point this 
crest is continuous with the lower lip of the external auditory meatus. 
The outer superior border of the auditory canal is emarginate and sharp. 
The appearance of the entotympanic process is more like that in the puma 
than like that in cats of the Panthera group. 

On the left side of the skull (Pl. 129, C) can be clearly discerned the 
small optic foramen (0.f.), immediately behind which is situated the 
foramen lacerum anterius (f.l.a.). Between the foramen rotundum (f.r.) 
and the foramen ovale (f.0.) can be seen the inner wall of the alisphenoid 
canal (a.c.). The outer wall is not preserved, but remnants of its base are 
still visible along the forward portion of the canal. The character of the 
borders of the canal on the left side of the skull suggests that the passage 
for the external carotid had not been converted into an open groove, 
although the evidence that this was true also of the canal on the right 
side is not so clearly defined. In the presence of an alisphenoid canal, 
Pseudelurus is like Nimravus and differs markedly from Felis. Zdansky * 
makes no mention of the presence of this canal in Metailwrus, and one is 
led to assume, from the lack of specific reference to this character in the 
several comparisons made with Felis, that the Chinese genus agrees with 
the modern form in the absence of the canal. The posterior lacerate 
foramen is large, and the condylar foramen is distinctly removed from 
it, in which respect Pseudalurus again differs from Felis. 

Compared with the small size of the tympanic bullae, the basi-occipital 
region between them appears broad. 


Upper dentition 


The upper teeth are well displayed in the skull, No. 791, and in the 
maxillary fragment, No. 1233. The latter individual is smaller than 
No. 791, and is intermediate in size between Pseudelurus quadridentatus 
and P. lorteti, as described by Gaillard* from the Miocene of La Grive- 
Saint Alban (Isére). In contrast to the modern puma, the crowns of the 
medial and the second incisors are small and compressed laterally. The 
lateral incisor lacks an outer basal cuspule. 

The crown of the canine in both No. 791 and No. 1233 is compressed, 


3 0. Zdansky : Jungtertidre Carnivoren Chinas, Pal. Sinica, ser. C, vol. 2, fase. 1 (1924) 
p. 123-137. 

4C. Gaillard: Mammiféres Miocénes nouveauz ou peu connus de La Grive-Saint Alban 
(Tsére), Mus. Hist. Nat. Lyon, Arch., vol. 7 (1899) p. 37-42, pl. 1. 
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with the inner side flattened more than the outer, although both faces 
are transversely convex. The anterior edge is well defined and sharply 
demarcates the internal face from the anterior. At its upper end it 
swings slightly inward and ends in a slightly pronounced but short portion 
of the base of the enamel. The posterior edge is more median in position 
and is rudely crenulate. The cross-striations, which in their short trans- 
verse extent intersect this posterior edge, are not regularly spaced. In 
addition, minute ridges occur, which in their transverse positions along 
the posterior edge are more evident in the upper half of the crown. 
Nowhere, however, is a distinctly serrate border developed. The char- 
acters of the front and the back edges are best seen in No. 1233, in which 
the canine shows practically no wear. 

Both P1 and P2 are represented. Each tooth is single-rooted, with 
greatly reduced crown. The presence of Pl in No. 1233 is a rather 
unusual feature. One rudimentary anterior premolar is present in the 
skull, No. 791, but the writer has not been able to determine satisfactorily 
the presence of a second premolar of similar character. Only one of the 
anterior premolars was present in P. quadridentatus. In Nimravus (N. 
debilis) the full complement of upper premolars may be present. In the 
species of Metailurus from China, Zdansky records an absence of both Pl 
and P2. 

P3 has the region in front of the principal cusp shortened, more so 
than in P. quadridentatus.® As described by Zdansky,® this tooth “besitzt 
einer langen Vordertalon mit stark nach innen verschobenem, kleinem 
und stumpfen Vorderhécker” in Metailurus major. Although some devia- 
tion from this type of crown is seen in the second species, M. minor, it is 
evident that the structure of the fore part of P3 is somewhat different 
in the Chinese forms from that in No. 1233. In this respect the writer 
judges that the characters indicated by Zdansky are more like those seen 
in the larger living cats of the Panthera group, whereas the specimen 
under discussion resembles more the puma. 

Both P3 and P4 appear to be relatively not so long as in P. quadriden- 
tatus. In P4a well-developed parastyle is present. This style is generally 
absent in Nimravus. As in modern Felis, a small tubercle is present at 
the antero-external corner of the tooth. This is evident also in Gaillard’s 
illustration of P. quadridentatus. In Metailurus the tubercle is recorded 
by Zdansky as occurring in a single specimen of M. minor. 

M1 resembles the comparable tooth of P. quadridentatus (Gaillard’s 
specimen ) in size as well as in its transverse extension and anteroposterior 


5 C. Gaillard: op. cit., pl. 1, figs. 1, 1a. 
®O. Zdansky: op. cit., p. 125. 
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contraction. The tooth is, therefore, relatively large in No. 1233, for this 
individual was distinctly smaller than that represented by Gaillard’s speci- 
men. In shape, however, M1 is distinctly more like the tooth in the 
European Miocene species of Pseudelurus than like that in the Chinese 
Metatlurus. As in P. quadridentatus, the inner cusp (protocone) is well 
defined, as is also the principal outer cusp (paracone). The metacone 
in No. 1233 is, however, more reduced than in Gaillard’s specimen and 
forms merely the posterior end of a crest, which swings inward and back- 
ward from the anterior side of the paracone. Above the region of the 
metacone, however, a small root can still be discerned, although this tends 
to fuse with the much larger external fang. 


Ramus of mandible and lower dentition 


The right ramus of No. 1233 resembles most closely in size the type of 
Pseudalurus marshi* from the Valentine beds of Nebraska. It differs 
principally from this form in greater distance between C and P3 and 
more reduced P2, although this tooth is rather rudimentary in P. marshi 
and related species of the American later Miocene. The anterior mental 
foramen is below P2; the posterior, beneath the posterior root of P3. In 
P. marshi the posterior foramen is evidently slightly farther forward. 
The third incisor, as shown by Thorpe, has no lateral tubercle. This is 
present in I3 of No. 1233. Thorpe also mentions the presence of a small 
alveolus for M2 in the paratype of this species. 

The crown of the lower canine in our specimen is compressed laterally, 
but relatively not so much as in the upper canine. A well-defined forward 
crest marks the boundary between the anterior face and the interior. It 
lies on the inner side of the crown, distinctly behind the most forward 
extended portion of the anterior surface, and thickens at the base of the 
enamel. The posterior crest, on the inner posterior border of the crown, 
marks the separation of the inner surface from the postero-external. This 
crest is even more obscurely crenulate than is the comparable crest in the 
superior canine. Between the posterior and the anterior crests, the inner 
surface of the crown is flat or only slightly convex anteroposteriorly, and 
slightly concave longitudinally. Thus, the crown does not have the conical 
shape seen in modern cats of the genus Felis. The type of crown seen 
in No. 1233 is evidently like that present in the type of Pseudalurus 
intrepidus. There is likewise no furrow on the outer surface, in which 
respect, also, No. 1233 is like Leidy’s type. 

In Metailurus minor the forward edge of the canine may be farther 


7™M. R. Thorpe: Some Tertiary Carnivora in the Marsh collection, with descriptions 
of new forms, Am. Jour. Sci., 5th ser., vol. 3 (1922) p. 446-447, fig. 12. 
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outward, with reference to the median fore-and-aft axis of the tooth, 
than in No. 1233, but the difference, if an actual one, cannot be great. 
Our specimen corresponds closely in size and in straightness, as seen in 
side view, to Zdansky’s specimen.® 

Slightly behind the level opposite the anterior crest, the outer surface 
is divided into anterior and posterior parts by a dimly defined line that 
extends the length of the crown. A similar feature can be seen in the 
canine of a not fully adult individual with a Pseudelurus-like MI ° from 
the Sheep Creek beds of Nebraska. This may represent an incipient stage 
in the development of a furrow, or wrinkle, on the external surface of the 
lower canine, as in modern cats. 

The specimens of rami of Pseudelurus intrepidus from the lower Snake 
Creek beds in the collections of the American Museum of Natural History 
are larger and heavier than the several rami, including No. 1233, from 
the Miocene Esmeralda. Individual teeth in some of the Snake Creek 
specimens may not differ greatly in size from comparable teeth in No. 1233. 

The Tonopah form resembles Metailurus in apparent straightness and 
structural details of the canines and in the reduced talonid in MI. It 
differs from the Chinese type in the presence of anterior premolars (P1, 
P2, and P2) and in the character of M1. 


RELATIONSHIPS 


The structural characters now known of this true cat of the American 
upper Miocene clearly establish the position of the form between the 
earlier genus Nimravus, on the one hand, and modern Felis, on the other. 
Since the first description by Leidy, the American representative has been 
regarded by most students of the group as identical with the European 
Miocene genus Pseudelurus. Zdansky,’° however, has expressed the 
opinion, in his discussion of the relationships of late Tertiary cats of 
China, that the American form is generically identical with Metailurus. 
More recently, Matthew, commenting on Zdansky’s genus, made the 
following statement: “Metailurus does not seem to me to be separable 
generically from Pseudelurus, although it represents an intermediate stage 
between that genus (typically) and Felis. Nor do I find any reason for 
removing the American species from Pseudalurus, with the typical species 


® Compare with O. Zdansky: op. cit., pl. 30, fig. 1 

® American Museum of Natural History No. 22398. 

10, Zdansky: op. cit., p. 134-135. 

1 W. D. Matthew: Critical observations upon Siwalik mammals, Amer. Mus. Nat. Hist., 
Bull., vol. 56 (1929) p. 495-496. 
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of which they agree more nearly than they do with the types of Metai- 
lurus.” 

In the characters presented by the lower jaw and the lower dentition, 
the Nevada cat is seen, likewise, to be closely similar to the Old World 
Pseudelurus. The relationship to the latter is further emphasized by 
what is now known of the upper dentition in the American form. P. in- 
trepidus differs from Metailurus not only in having the premolar formula 


<3 but also, apparently, in possessing an alisphenoid canal. 

The following summary of comparative characters in skull and den- 
tition, in part restated from Matthew,'* may be given for Pseudelurus 
and its nearest allies in time: 


Metailurus Lower Pliocene. 


Dentition 3, 1, 2, 4, P4 with well-developed parastyle. MI with 
heel considerably reduced. Diametral index of superior canine, 63.8 


(M. major), 66.3 (M. minor). Anterior end of mandibular ramus with- 
out flange or angulation. Condylar and carotid foramina closely con- 
nected with foramen lacerum posterius. No alisphenoid canal. 
Tympanic bulla completely ossified. 


Pseudelurus Upper and Middle Miocene. 


Dentition P4 with rudimentary parastyle. MI with 
vestigial heel. M2 sometimes present (P. marshi). Diametral index 


of superior canine, 61.8, 63.9 (P. intrepidus Leidy). Anterior end of 
mandibular ramus without flange or noticeable angulation. Condylar 
foramen distinct from foramen lacerum posterius. Alisphenoid canal 
present. Tympanic bulla completely ossified. 


Nimravus Lower Miocene and Upper Oligocene 

Dentition 3, by 3, = P4 without, or with rudimentary, parastyle. 

MI with distinct heel. Diametral index of superior canine, 55.8 

(average of 5 specimens of Nimravus debilis). Anterior end of man- 

dibular ramus angulate, but flange very slight or absent. Condylar 

and carotid foramina well separated from foramen lacerum posterius. 
Alisphenoid canal present. Tympanic bulla incompletely ossified. 


122W. D. Matthew: The phylogeny of the Felidae, Amer. Mus. Nat. Hist., Bull., vol. 28 
(1910) p. 310-312. 
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MEASUREMENTS OF SPECIMENS 


No. No. 
791 1233 
-—Millimeters—— 
Length, anterior end of C to posterior 
end of P4....... ca 66.6 ca 55.5* 
C, anteroposterior diameter at base of 
C, transverse diameter at base of 
Pl, anteroposterior diameter ........... 2.5 3 
P2, anteroposterior diameter ........... vo 3.4 
P3, anteroposterior diameter ........... 13.3 12.2 
P3, transverse diameter ca 6.3 6.2 
P4, anteroposterior diameter ........... ca 20 19.5 
P4, transverse diameter across protocone. 10.7 9.8 
M1, anteroposterior diameter ........... 4.8 4.4 
Ml, transverse diameter ............e.0. 11.9 11.9 
No. No. No. 
1233 1234 
Depth of jaw at anterior end of P3..... 20.4 20.4 
Depth of jaw at posterior end of MI.... 21.7 22.5 
Thickness of jaw below MI ........... 9.5 9.5 
Length, anterior end of P3 to posterior 
Length, anterior end of C to posterior 
C, anteroposterior diameter ............ 9.4 9.1 
P3, anteroposterior diameter ........... 10.5 10.3 
P3, greatest transverse diameter ....... 5.3 4.6 a 
PZ, anteroposterior diameter ........... 14.3 13 12.5 
P4, greatest transverse diameter ....... 6.8 5.8 6 
MI, anteroposterior diameter ........... ca 18.9 15.3 16.5 
MI, greatest transverse diameter ........ ca 7 6.6 6.9 


* ca, approximate. 
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NORTH AMERICA IN PRE-ANIMIKIE TIME 


The Algoman Revolution was one of the great mountain-making move- 
ments of the North American continent. The results of the crustal de- 
formation and of the invasion of the deformed crust by granitic magmas 
are apparent over a large proportion of the Canadian Shield, and prob- 
ably extend much beyond. its limits. Few students of pre-Cambrian 
geology today doubt the reality of the event, its magnitude, or its distinct- 
ness from the earlier Laurentian Revolution with which it was confused 
for many years in geological literature. 

Tn accordance with the principles of isostasy, great crustal deformations 
result in important elevations of the continental areas affected, and there 
is every reason to believe that at the end of the Algoman Revolution the 
region of the Canadian shield was greatly uplifted. In the writer’s 
report on the Lake of the Woods! he devoted a paragraph to the argu- 
ment that because rocks were folded and plicated it was not necessary to 
infer from that fact that they had been uplifted. It seemed to him to be 


* Manuscript received by the Secretary of the Society, August 20, 1934. 

1A, C. Lawson: Report on the geology of the Lake of the Woods region, with special 
reference to the Keewatin (Huronian?’) belt of the Archean rocks, Canadian Geol. Survey, 
Ann. Rept. 1 (1885). 
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possible that the earth’s crust could suffer deformation without uplift. 
That, however, was in the days before the theory of isostasy was recog- 
nized, and in the light of that doctrine there is, of course, no escape from 
recognizing uplift as a necessary consequence of concentration of mass 
in crustal deformation. 

The Algoman uplift involved the orogenic deformation of the Coutchi- 
ching, the Keewatin, the Laurentian, the Temiskaming, the Seine, and 
the Huronian, excluding from that term the so-called upper Huronian, 
or Animikie, and their subsidence into vast batholiths. The movement, 
although orogenic, was continental in extent, certainly more extensive than 
the Canadian shield, as it is known today. In our ignorance of the funda- 
mental principles of orogeny, we can only speculate upon what happened 
to the crust of the earth during the Algoman Revolution. Two things, 
however, stand out in all folded-mountain-making movements as unques- 
tioned facts: First, the operation of compressive forces in the crust re- 
sulting in its acute deformation ; second, the necessity for isostatic adjust- 
ment of the concentration of mass caused by the deformation. The 
orogenic process was, with little question, a protracted one in geological 
time. The best analogy that we have for the condition of the North 
American continent at the end of the revolution is that presented by 
southern Asia as the result of the mountain-making movements of Ter- 
tiary time. There, the effect is that of a process distributed not only 
over a long time, but also regionally over a vast continent in the form of 
a succession of arcs, the modern representatives of which are the insular 
arcs of the Pacific border. The Algoman Revolution was probably simi- 
larly spread over a time comparable to that of the Tertiary and advanced 
by stages, so that the earlier uplifts were suffering degradation before the 
later ones came into being. It is, nevertheless, convenient, if not neces- 
sary, to consider the revolution as one great ‘connected event, just as we 
do the Tertiary orogeny of Asia. 

Mountain-making, even in this broad sense, is a recurrent process. A 
region having been acutely deformed and isostatically uplifted, by reason 
of the concentration of mass due to compression, may be peneplaned. 
Subsequent to peneplanation and the accumulation of sediments in the 
geosynclinal depressions of the warped peneplain, the region may be again 
acutely deformed. The earlier uplift had been compensated by a large 
part passu downward protuberance of the thickened crust into heavier 
rock below. As the upward protuberance (the orogenic uplift) was worn 
down by erosion, the downward protuberance became shallower and shal- 
lower, the crust rising at the same rate, until at peneplanation, both up- 
ward and downward protuberance vanished. The sial was reduced to 
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nearly the same thickness that it had before deformation, and upper and 
lower limits of the basaltic layer were re-established nearly as they were 
before. The departure from exact correspondence with the relations 
which prevailed before deformation is due to the load of sediment deliv- 
ered to, and spread upon, the ocean floor, a load which would necessitate 
adjustments in the continental column. There may also have been some 
slight reduction in the thickness of the sial, due to the fact that some of 
the material of the thickened crust was melted into batholithic magmas, 
which, on consolidation, were doubtless denser than the rocks from which 
they were derived by fusion. In the protracted process of peneplanation 
the preceding increase of volume of the crust, due to orogenic compres- 
sion and manifest in its thickening, is disposed of by erosion and trans- 
ferred to the oceanic basin. Thus, we may lay down the general prin- 
ciple that, in the long run, both sial and basalt tend to maintain a con- 
stant and a uniform thickness under continental areas. The tendency 
is temporarily counteracted by orogenesis and re-asserted by peneplanation. 

The North American continent in pre-Huronian time had been through 
a mountain-making revolution and in the epi-Laurentian interval had 
been peneplaned. It was upon the surface of the peneplain then devel- 
oped that the Huronian rocks, excluding from that term the Animikie, 
were deposited. In accordance with the principle just stated, the thick- 
ness of the sial and basalt underlying this peneplain was about the same 
as before the Laurentian orogenic movement, and it was this uniformly 
thick, although earlier deformed, crust that suffered acute deformation 
in the Algoman Revolution. 


THE EPARCHEAN PENEPLAIN 


The region uplifted by the Algoman orogenic movement was, of course, 
immediately subjected to vigorous erosion, the intensity of which gradually 
diminished through geological ages as the relief was reduced, and the rate 
of which finally became very slow, as the surface approached the subdued 
relief of a peneplain. The time required for the evolution of this pene- 
plain has elsewhere been designated the Eparchean Interval,’ for the 
purpose, chiefly, of emphasizing its importance in any classification of 
geological time. The term, Eparchean, was selected because in the then 
established use of Archean, as defined by Dana, the Huronian was included 
in it. 

As the writer must refer to the peneplain evolved in the Eparchean In- 
terval and must distinguish it from the Laurentian peneplain of Wil- 


2A. C. Lawson: The Uparchean interval ; a criticism of the use of the term Algonkian, 
Univ. Calif., Bull. Dept. Geol., vol. 3 (1902) p. 51-62. 
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son,* a later feature resulting from its partial exhumation, he proposes to 
call it the Eparchean peneplain. After its completion the Eparchean 
peneplain was warped and depressed, forming basins for the deposition 
of continental sedimentary formations, and great volcanic accumulations 
were piled up on its surface. Eventually, the Paleozoic seas encroached 
upon it and left a layer of marine formations, remnants of which today 
cover a large part of it. Subsequent to the spread of this varied mantle 
upon its surface the peneplain was broken by faults and thrusts and 
was again notably warped in late Tertiary and in post-Glacial time, as 
has been so clearly set forth by Cooke * in his summary of the geological 
history of the Canadian Shield. In certain belts the peneplain has been 
involved in deformation sufficiently acute to be orogenic. As examples 
of this, mention may be made of the Labrador Range, the Belcher Range, 
and the Penokean Range described by Cooke in the memoir to which 
reference has been made. 

The oldest known rocks reposing upon the surface of the Eparchean 
peneplain are those of the Animikie group. Referring to this superposi- 
tion in the report on the Geology of the Lake of the Woods Region, in 
1885, the writer said °: “The southern flanks of this great Archean plateau, 
in its extension east and west from the particular portion under considera- 
tion, appear to have been in much the same flat condition as at present, 
when the Animikie and Copper-bearing rocks of Lake Superior and the 
Cambro-Silurian rocks of Manitoba and eastern Ontario were laid upon 
them in the earlier geological periods.” And in the first volume of the 
Bulletin of the Geological Society of America he described ® the same 
superposition, in more detail, at Thunder Bay, Lake Superior. In the 
latter paper, he pointed out that not only the Paleozoic formations, but 
also the Animikie and the Keweenawan, rest in undisturbed attitudes 
upon an erosional surface of low relief, which had characteristics identi- 
cal with those of the generally exposed surface of the Canadian Shield. 
Those characteristics are the mammillary, or hummocky, configuration 
of the surface, which until then had been regarded as the product of 
Pleistocene glaciation, and the generally perfectly fresh condition of the 
rocks. The relief due to the hummocks is one of small detail and in no 
way detracts from the general evenness and absence of large relief of the 


3A. W. G. Wilson: The Laurentian peneplain, Jour. Geol., vol. 11 (1903) p. 615-669. 

*H. C. Cooke: Studies in the physiography of the Canadian Shield, Roy. Soc. Can., 
Trans., vol. 23 (1929) ; vol. 24 (1930) ; vol. 25 (1931). 

5A. C. Lawson: Report on the geology of the Lake of the Woods region, with special 
reference to the Keewatin (Huronian?) belt of the Archean rocks, Canadian Geol. Survey, 
Ann. Rept. 1 (1885) p. 23 ce. 

6A. C. Lawson: Note on the pre-Palcozoic surface of the Archean terranes of Canada, 
Geol. Soc. Am., Bull., vol. 1 (1890) p. 163-173. 
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peneplain. He cited numerous exposures at which Animikie, Kewee- 
nawan, and Paleozoic strata may be seen reposing upon this hummocky 
erosional surface of undecayed Archean rocks. At the date of the paper 
(1890) the term, peneplain, had not come into general use, although it 
had been proposed by Davis. Upon publication of the paper, Davis wrote, 
protesting, in his characteristic kindly way, that the writer should have 
called the surface a peneplain; and this, in subsequent papers, he did. 

That the surface of the Canadian shield is a warped and locally broken 
peneplain is today well recognized, particularly by Wilson’ and by Cooke 
in his recent memoir. In the evolution of the present surface the latter 
author appreciates a succession of peneplanations.* “The greatest part 
of the Shield appears to have been a land area throughout the Mesozoic, 
and it was probably again peneplaned.” But he clearly recognizes the 
date of the first of the succession, which produced what is here called the 
Eparchean peneplain. “Peneplanation appears to have been complete 
late in the Algonkian era. Downwarp of the peneplaned surface initiated 
the deposition of late Algonkian sediments in the Lake Superior area, the 
Ungava region and the area west of Hudson Bay.” By “late Algonkian” 
in this quotation is meant the Animikie and the Keweenawan, although 
Huronian rocks which long antedate the peneplain referred to, and across 
the upturned strata of which the peneplain was cut, are also embraced 
in the Algonkian, much to the obscuration of geological history. It is 
to be regretted that in so comprehensive and important a memoir, Cooke 
should have failed to recognize the part played by the Algoman Revolu- 
tion in the history of the Canadian Shield. Nothing could be plainer 
in the Lake Superior region than the fact that, after the Algoman revolu- 
tion the peneplain, here called the Eparchean, which Cooke agrees was 
completed in pre-Animikie time, was carved out of the “sea of mountains” 
which occupied the region as a result of the Algoman orogeny. The 
earlier epi-Laurentian peneplain had been destroyed as a physiographic 
feature, although, of course, remnants of it are still to be found as struc- 
tural features of the crust, at the base of the post-epi-Laurentian—i. e. 
Huronian *—formations. The Eparchean peneplain is not a survival or 
a revival of the epi-Laurention peneplain. It was initiated in post- 
Algoman time. 

The extent of the Eparchean peneplain was greater than that of the 
present Canadian Shield. On the latter are many residual areas of Algon- 
kian formations (correlatives of the Animikie and the Keweenawan) 
most of them lying in undisturbed attitudes upon the surface of the pene- 


7A, W. G. Wilson: op. cit. 
8H. C. Cooke: op. cit., vol. 25 (1931) p. 127. 
®The writer, of course, excludes the Animikie from the Huronian. 
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plain. A summary account of present knowledge of these is given by 
Cooke; thus, only brief reference to them is necessary. 

The flat-lying Keweenawan formations resting on the surface of the 
peneplain extend north from Lake Superior, through the Nipigon basin, 
for about 140 miles. 

Between Hudson Bay and the western edge of the Canadian Shield 
there are several areas of flat-lying Athabasca sandstone, regarded as the 
equivalent of the Animikie. The more important of these are: (1) South 
and east of Lake Athabasca, 150 x 250 miles; (2) at the east arm of 
Great Slave Lake, 140 x 40 miles; (3) between Great Slave Lake and 
Chesterfield Inlet, 300 x 130 miles. There is, also, between Great Bear 
Lake and Coronation Gulf, a much larger area of copper-bearing amygda- 
loidal lavas, which are the probable correlative of the Keweenawan. 

In Labrador there are, similarly, several large areas of formations recog- 
nized by the Geological Survey of Canada as Algonkian (Animikie). 
These, to quote Cooke,’° “occur on the Belcher Islands, Richmond Gulf, 
Lake Mistassini, Lake Michikamau, the lower part of Hamilton River 
and in a great band extending from the mouth of Payne River, Ungava 
Bay, across Koksoak and George rivers to the Labrador coast.” The 
formations on the Belcher Islands have been broken by faults, and tilted. 
The belt traversed by the Koksoak is folded; it constitutes the Labrador 
Range of Cooke. The relations of this terrane to the peneplain are not 
entirely clear. In the other cases mentioned the formations lie undis- 
turbed upon the surface of the peneplain and are, of course, only remnants 
of once much more extensive terranes. To the north of Hudson Bay there 
can be little doubt but that the Eparchean peneplain extends far beneath 
the Paleozoic formations of the Arctic archipelago. 

In 1911, Van Hise and Leith 11 recognized the existence of the pre- 
Animikie peneplain on the south side of Lake Superior. “The under- 
lying rocks were reduced to a peneplain before the beginning of the 
deposition of the Palms formation.” Again: “The upper Huronian 
(Animikie) rests upon a flat plane bevelling alike hard and soft, resistant 
and non-resistant rocks.”’?? 

In the Grand Canyon of the Colorado the Algonkian rocks are well ex- 
posed in direct superposition upon the eroded surface of the Archean. 
Regarding this contact, Hinds 1* says: “The lower Unkar strata lie upon 


10H. C. Cooke: op. cit., vol. 25 (1931) p .135. 

uC. R. Van Hise and C. K. Leith: The geology of the Lake Superior region, U. S. Geol. 
Survey, Mon. 52 (1911) p. 230. 

12 Op. cit., p. 612. 

13N. E, A. Hinds: Researches on Algonkian formations of Grand Canyon National Park, 
Carnegie Inst., Year Book, No. 32 (1933) p. 326. 
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a montonously even surface which had been etched into steeply upturned 
Archean schists and associated igneous rocks; the relief of this surface in 
no place examined by us exceeds 20 feet. . . . The extent to which 
Archean relief had been destroyed is unknown, as exposures of the Epar- 
chean surface are limited to short cross-sections in the Canyon walls. It 
is worthy of note, however, that in southern Arizona, where the Apache 
group lies on Archean schists and granite, the Eparchean surface shows 
similar monotony of relief.” 


ISOSTATIC CONSIDERATIONS 
EVALUATION OF EROSIONAL REMOVAL 


Although the actual amount of uplift due to the Algoman orogeny 
is unknown, it may, nevertheless, be useful to make an estimate of it, based 
on analogy with more recently uplifted mountainous tracts. Let us as- 
sume that the mean altitude of the Canadian Shield was 3 kilometers, or 
9,843 feet, at the close of the revolution; or rather, as the stability of the 
sea level as a datum plane is not assured, that the region had a mean 
altitude of 2.6 kilometers above its present surface, the mean altitude of 
the shield being taken at .4 kilometer. The writer proposes to enquire, 
in the light of the doctrine of isostasy, where this assumption will lead 
in an attempt to find the time required for the evolution of the Eparchean 
peneplain. Progress in the application of the principles of isostasy to 
geological problems can be made only by assuming certain values for the 
mean density of the outer crust of the earth, which, for continental areas, 
is commonly referred to as the sial, and for the mean densities of the two 
constituents of the sima, the basalt and the dunite. Adopting the values 
which in a former paper ** seemed best to satisfy isostatic conditions, the 
writer assumes that the sial is composed of two layers, a granitic and a 
dioritic having a mean density of 2.72, and that the density of the basalt 
is 3.05 and of the dunite 3.3. 

It is uncertain, as yet, whether the deformation of the crust in orogenic 
movements is limited to the sial, so that the latter floats in the sima; or 
whether the basaltic layer is involved in the deformation, so that the con- 
centration of mass, comprising both sial and basalt, floats in the dunite 
as a result of horizontal compression. Owing to this circumstance it is 
necessary to consider two possible cases: I. The sial only is deformed 
orogenically, and the thickened crust floats in basalt, or, if the uplift be 
large, penetrates the basalt into the dunite. II. The sial and the basalt 
are orogenically deformed together and float in the dunite. 


4A. C. Lawson: Insular arcs, foredeeps, and geosynclinal seas of the Asiatic coast, 
Geol. Soc. Am., Bull., vol. 43 (1982) p. 353-382. 
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CASE I 


In the paper just referred to, the writer found that under the ocean 
the thickness of the basalt, having a density of 3.05, was 41.4 kilometers, 
the bottom of it lying at a depth of 46.4 kilometers below sea level. This 
figure for the bottom of the basalt will be assumed as constant not only 
for the oceanic area, but also for continental areas which have reached 
isostatic stability by peneplanation. 

In Case I, where the uplift is great, as in the Algoman, the deformed 
sial would in its downward protuberance pierce the basalt and pass into 
the dunite. During the progress of the Algoman uplift this would happen 
when the sial, having a mean density of 2.72, had its surface uplifted 1.46 
above the present mean altitude of the Canadian Shield. For if x be 
the thickness of the sial at this stage of the uplift, and the depth of the 
ocean be taken as 5 kilometers, the value of x when the downward pro- 
tuberance just reaches the bottom of the basalt may be found from the 
equation : 

2.724 = 41.4 3.05 + 5 
whence z == 48.26 kilometers 


As the bottom of the basalt is 46.4 kilometers below sea level, the mean 
altitude of the uplifted mountain belt at this stage would be 48.26 — 46.4 
— .4== 1.46 kilometers above the present surface. But, by hypothesis, 
the mean altitude of the mountainous area due to the Algoman uplift was 
at its maximum 2.6 kilometers above the present surface. It thus ap- 
pears that for the last 2.6 — 1.46 = 1.14 kilometers of the uplift the down- 
ward protuberance of the thickened sial had penetrated into the dunite. 
An estimate of the depth of this penetration may be made, from the fact 
that at the stage of maximum uplift the continent would still be in isosta- 
tic balance with the oceanic area. This balance may be expressed in the 
following equation in which z is the depth of penetration into the dunite. 


2.72 (2 + 46.44 3) = 3.382 + 41.4 X 3.05 + 5 
whence z = 5.34 kilometers 


For the reverse process, under degradation the rate of rise of the bottom 
of the sial for the first 5.34 kilometers, while the surface was being lowered 
by erosion the first 1.14 kilometers, would be conditioned by flotation in 
dunite and basalt, and thereafter flotation in basalt alone would determine 
the rate of rise. 

As in the erosional lowering of the surface the first 1.14 kilometers the 
bottom of the sial has risen by flotation 5.34 kilometers, the total thick- 
ness of the layer removed to effect this lowering is 5.34 + 1.14 = 6.48 
kilometers. 
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The positive load imposed by deformation necessary to sink the sial 
the last 5.34 kilometers into the dunite was that of a prism 1.14 + 5.34 
= 6.48 kilometers of density 2.72. But when the same load was removed, 
so that the bottom of the sial just emerged from the dunite and was at the 
same level as the bottom of the basalt, the material was taken from the top 
of the column, and had a density of 2.6. A prism 6.48 kilometers thick, 


of density 2.72, is equivalent to one 6.48 X a == 6.78 kilometers thick, 


of density 2.6. Under erosion, therefore, the surface was lowered 6.78 — 
5.34 == 1.44 kilometers. The removal of a layer 6.78 kilometers thick 
from the top of the continental column changed the proportions of the 
granitic and dioritic layers in the sial,’* and the mean density of the latter 
became 2.75 instead of 2.72. In the further lowering of the surface 2.6 
— 1.44 = 1.16 kilometers, let x be the isostatic rise of the column. Then 
the layer removed is (1.16 + 2) having a density of 2.6, and 


2.6 (1.16 + 2) = 3.052 
whence x = 6.7 kilometers, 


and the layer removed has a thickness of 6.7 + 1.16 = 7.86 kilometers. 
The sum of the two layers removed, the one while the bottom of the sial 
was immersed in dunite and the other while it was floating in basalt alone, 
is 6.78 + 7.86 = 14.64 kilometers. This is the measure of the thickness 
of the prism removed in the lowering of the surface by 2.6 kilometers in 
the reduction of the Algoman uplift to the Eparchean peneplain, under 
the various assumptions for Case I. 


CASE II 


If the Algoman uplift to 2.6 kilometers above the present surface in- 
volved the deformation of both sial and basalt, then the deformed mass, by 
reason of its horizontal concentration, floated in dunite. One may sup- 
pose that, just before the Algoman Revolution, as a result of degradation 
throughout the epi-Laurentian interval and Huronian time (excluding 
the Animikie), the continent had been reduced to a peneplain standing 
nearly at sea level. The continental column would be in balance with the 
oceanic column, and the proportions of sial and basalt beneath the pene- 
plain may be estimated from the following equation in which z is the thick- 
ness of the sial : 

2.722 + 3.05 (46.4 — x) = 41.4 3.05 + 5 
whence x == 31.06 kilometers 


18 A. C. Lawson: op. cit., p. 365. 
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and the thickness of the basalt = 46.4 — 31.06 = 15.34 kilometers. The 
mean density of sial and basalt having these proportions would then be 
2.83. Deformation would not change the mean density except by elastic 
compression, and the depth to which the thickened crust would sink in the 
dunite at the time of maximum uplift is found from the following equa- 
tion in which p is the measure of penetration into the dunite: 


2.83 (41445434 p)—=5-+ 41.4 X 3.05 + 3.3p 
whence p = 18.15 kilometers 

In the lowering of the surface by erosion, 2.6 kilometers below the maxi- 

mum uplift, the prism removed was from the top of the sial and had a den- 

sity of 2.6. If v be the measure of downward protuberance into the 

dunite when the surface had been lowered 2.6 kilometers, then 18.15 — v 

is the rise of the crust by flotation due to relief of load; and 18.15 — v +- 

2.6 kilometers is the thickness of the prism removed. This would be the 

equivalent of a prism having the mean density of the column down to the 

dunite of 2.6 (20.75 — v) kilometers. The effective depth of the con- 
2.83 

tinental column down to the dunite, after its surface had been lowered 2.6 
kilometers, was, thus 


(34544144 18,15) — 48.49 — 920 


and its isostatic balance with the oceanic column is expressed by the equa- 
tion 


2.83 (48.49 — .92v) = 5 + 3.05 X 41.4 + 3.30 
whence v = 8.5 kilometers 


The rise of the column during the lowering of the surface 2.6 kilometers 
was, therefore, 18.15 — 8.5 = 9.65 kilometers, and the prism removed 
had a thickness of 9.65 + 2.6 = 12.25 kilometers. 


COMPARISON OF CASE I AND CASE II 


It thus appears that the measure of erosional removal in the reduction 
of the Algoman uplift to the Eparchean peneplain is different in the two 
cases considered. In the first case, in which the orogenic deformation of 
the crust is supposed to be limited to the sial, the thickness of the prism 
removed amounts to 14.64 kilometers. In the second case, in which sial 
and basalt are deformed together and float in the dunite, the thickness of 
the prism removed is only 12.25 kilometers. In considering the relative 
merits of the two suppositions from a geological point of view, it may be 
pointed out, as adverse to the first, that it is difficult to comprehend so 
great a horizontal collapse of the crust as would be involved in the Algo- 
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man orogenesis, or, for the sake of analogy in the mountain system of 
southern Asia, which would leave the basaltic layer unaffected. It is, 
also, difficult to comprehend the entire displacement of the basalt at the 
time much short of the maximum uplift, when the downward protuber- 
ance of the thickened crust penetrated the dunite, and, similarly, the re- 
turn of the basalt to its former position between the sial and the dunite in 
the course of peneplanation. In the case of an individual mountain range 
the difficulties would not be so serious, but when we are dealing with an 
orogenic movement of continental extent such difficulties become insuper- 
able. The writer is, therefore, inclined to reject the assumption made in 
Case I as improbable, and to adopt that of Case II, which has the further 
advantage of yielding a more moderate figure for the amount of erosional 
removal in the process of peneplanation. 

In the argument set forth under Case II, the reduction of the Algo- 
man uplift, from an assumed altitude of 2.6 kilometers above the present 
surface, to the Eparchean peneplain involved the removal of a layer, or 
prism, 12.25 kilometers thick, of continental extent. How long would it 
take for erosion to remove a prism of rock of this thickness over the ex- 
tent of the Canadian Shield? The answer to that question is the measure 
of the duration of the Eparchean Interval and of the time required for the 
peneplanation of the Algoman uplift. Perhaps some approximate esti- 
mate of the length of that time can be reached. 


DURATION OF THE EPARCHEAN INTERVAL 


The degradation of an elevated tract proceeds rapidly at first; but the 
rate of erosional removal also declines rapidly. In the middle stage of 
the cycle of time required for peneplanation the process is still vigorous, 
and in this stage there is a rate of erosional removal that is the mean rate 
for the whole cycle. In the late stage the rate is low and declines slowly. 
Its graphic expression is that of an asymptotic curve approaching zero. 
Now, considering the geomorphy of the Mississippi Basin, it may be as- 
sumed, without large error, that the rate of erosional removal there meas- 
ured is about the mean rate for the reduction of an uplifted mountainous 
tract to a peneplain. It is, at least, interesting to follow out the conse- 
quences of such an assumption, even if its validity be doubtful. First, 
we must have the figures for the rate of erosional removal in the Mis- 
sissippi Basin. Dole and Stabler ** estimate that, by land waste carried 
in suspension in the Mississippi River, a layer having a mean thickness of 
1400 millionths of an inch, or .0001166 foot, is removed from its hydro- 


1*6R. B. Dole and H. Stabler: Denudation, U. S. Geol. Survey, Water Supply Paper 284 
(1909) p. 78-93. 
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Ficure 1.—Rates in the reduction of Algoman uplift to Eparchean peneplain 
Curves of the rates of erosional removal, isostatic rise, and lowering of the surface, 
based on the assumptions that the mean value of the maximum altitude was 2.6 kilo- 
meters above the present surface of the Canadian shield, and that the mean rate of 

erosional removal was the same as that of the Mississippi River at the present time. 
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graphic basin every year, and that, by waste carried in solution, an addi- 
tional layer 560 millionths of an inch, or .0000466 foot, in thickness is 
removed. This results in a reduction of the surface by one foot in about 
6000 years. However, these authors take no account of the bottom load 
of the river, the best estimate of which is that of Humphreys and Abbot,"” 
who give 750,000,000 cubic feet per year as the quantity removed by being 
rolled along the bottom, “which would cover a square mile about 27 feet 
deep.” This quantity spread over the entire 1,265,000 square miles of 
the basin is equal to a layer .00002134 foot thick. The sum of these three 
quantities, .0001166 of a foot, .0000466 of a foot and .00002134 of a foot, 
gives .000184 of a foot as the measure of the annual denudation of the 
basin of the Mississippi River. This is equal to one foot in 5415 years. 

If this rate be taken as the mean rate of erosional removal in the re- 
duction of the Algoman uplift to the Eparchean peneplain, the time re- 
quired for peneplanation—+. e., the removal of a prism 12.25 kilometers 
thick—is 218,550,290 years. 

If .000184 of a foot, or .056 millimeter, per year be taken as the mean 
rate of erosional removal in the peneplanation of the Algoman uplift, it 
is a reasonable extension of this assumption that the rate at the close of 
the Eparchean Interval did not exceed .0025 millinteter per year. These 
various assumptions may then be brought together in the form of a log- 
arithmic curve. Such a curve * is shown in Figure 1. The data enter- 
ing into its construction are: (1) That a layer 12.55 kilometers thick was 
removed from the Canadian Shield in the reduction of the Algoman up- 
lift to the Eparchean peneplain; (2) that the mean rate of removal of this 
prism was .000184 of a foot, or .056 millimeter, per year; and (3) that 
the rate of erosional removal at the end of 218 million years was .0025 
millimeter per year. The curve shows the rate of degradation, in terms 
of thickness of layer removed per year at any point in the time cycle. It 
shows qualitatively the decline in that rate with the progress of time, and, 
to whatever extent the underlying assumptions are justified in fact, it 
shows the rate and its decline quantitatively. It shows, for the assump- 
tions made, that the mean rate of erosional removal was reached at about 
the end of the first third of the cycle. It shows, also, that the rate of 
erosional removal of the Ganges, .174 millimeter per year, was reached 
at the end of 19 million years, or at the end of the first 7 per cent of the 
entire cycle. The initial rate was .262 millimeter per year, or about 


17 A. A. Humphreys and H. L. Abbot: Report upon the physics and hydraulics of the 
Mississippi River, Corps of Topographical Engineers, U. S. Army, Prof. Pap. no. 4 
(1861) ; reprinted (1876) p. 148. 

38 Constructed by Perry Byerly. 
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4.7 times the mean rate for the cycle. But the initial rate declined 
rapidly. Owing to the uncertainty of the data entering into its con- 
struction, the curve gives no exact information; but it is useful in ena- 
bling us to picture the order of magnitude of the time necessary for the 
evolution of this great peneplain, and the general scale of the erosional 
process throughout the cycle. 

In the same diagram are shown, also, the curve of the rate of isostatic 
rise of the crust in response to relief of load, and the curve of the rate of 
lowering of the surface in relation to any fixed datum, such as the center 
of the earth. 

Now, if the time required to reduce the Algoman uplift to the surface 
upon which the flat-lying Algonkian (Animikie and Keweenawan) forma- 
tions rest is of the order of 218 million years, and if that degradation 
involved the removal of a prism of rock 12.25 kilometers thick, it is evi- 
dent that we are dealing with a major subdivision of geological time. It 
is the subdivision, which, more than thirty years ago, the writer named 
the Eparchean Interval for the express purpose of stressing its importance 
in the classification of geological time. Yet it is the same interval of time 
which many geologists insist on straddling with the term, Huronian. 
According to their view, formations of Huronian age are truncated by 
the Eparchean peneplain, and Huronian rocks rest in flat attitudes upon 
its surface. Is it not time to recognize the significance of the Eparchean 
Interval in the classification of pre-Cambrian time and formations ? 
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SENECA VALLEY PHYSIOGRAPHIC AND GLACIAL 
HISTORY * 


BY H. L. FAIRCHILD 
(Presented before the Geological Society, December 29, 1933) 


CONTENTS 


Work of the overriding ice sheet. ... 1085 

INTRODUCTION 


The Finger Lakes, so-called, of central New York are justly famous. 
The greater scientific interest, however, pertains not to the water bodies 
but to the physical features which are the cause of the lakes, the valleys, 


* Manuscript received by the Secretary of the Society, May 23, 1934. 
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and the drift barriers which imprison the waters. The lakes are incidental 
effects of glaciation. 

The ten valleys which now retain lakes are a minority of the remarkable 
series of north-sloping valleys that extends from Lake Erie on the west 
to the Chenango Valley on the east. Hight of the series, without lakes, 
lie west of the Genesee Valley, the Erian group. East of the Genesee 
are twenty-one valleys, with or without lakes; the Ontarian group. The 
valleys and the lakes of the eastern group have been the subject of much 
popular and scientific description. Those of the western group have been 
recently described in No. 23 of the appended list of writings. 

The origin and the physiographic history of the New York parallel 
valleys make a romance in earth science. They were completed in Ter- 
tiary, or preglacial time, by north-flowing streams tributary to the great 
Ontarian River (Fig. 1). These streams were rapidly intrenching their 
channels during their later life, and so “oversteepened” the lower portions 
of the valley walls, in consequence of the high elevation of the land in 
late Tertiary time. 

During the Glacial Period the valleys, with all the area of New York, 
were buried for uncounted milleniums beneath thousands of feet of land 
ice, the Quebec continental glacier. The principal and conspicuous effect 
of the overriding ice sheet was deposition, in the deep valleys, of vast 
quantity of rock-rubbish, ice-laid and water-laid deposits, producing the 
present valley topography, the impounded lakes, and the peculiar drainage 
of today. 

Each of the many parallel valleys has its individual life history and 
singular events, largely related to glaciation. Only the Genesee Valley 
and the Cayuga Valley? have had their stories told in some detail. The 
present writing purposes to give the Seneca Valley, an adjacent com- 
panion of the Cayuga, its due place in the geological hall of fame. 

The twin valleys, Seneca and Cayuga, the largest and the central mem- 
bers of the parallel valleys, and comparable in form and dimensions, are 
lowest in elevation and deepest in the earth of all the valleys of the State. 
Because of its lower elevation the Cayuga Valley had the more complex 
lake succession during glacial time. But the Seneca Valley has the 
distinction of being the only southward pass for the expanded glacial 
waters of New York (Fig. 8). This unique function was because of the 
deep canyon cut by the Susqueseneca River and the low pass at Towanda, 
Pa., leading southward to Chesapeake Bay. 


1H. L. Fairchild: Cayuga Valley lake history, Geol. Soc. Am., Bull., vol. 45 (1934) 
p. 233-280. 
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The territory involved in this study is covered by the topographic sheets, 
in order passing north; Elmira, Watkins, Ovid, Geneva, Clyde, and Sodus 
Bay ; also, the Penn Yan sheet adjacent west of the Ovid, and the Waverly 
sheet, east of the Elmira. 

Descriptions of the glacial lake features in the Seneca Valley and the 
widespread waters which flooded the valley have already been published.? 
These papers and other publications noted in the list of writings are avail- 
able in the larger public libraries and the libraries of the universities; and 
they may be borrowed from the New York State Library, Albany, N. Y. 


EVOLUTION OF THE SENECA VALLEY 


Rivers are the valley makers, the wide world over. The history of the 
New York valleys is a study of the stream flow during all the lapse of 
time since the area became “dry land.” Yet that was not so long ago, 
for during most of geologic time, central and western New York was 
drowned in oceanic waters, and the succession of rock strata is the “stone 
book” record. 

Eventually, after many minor ups and downs, Canada and New York 
were permanently lifted out of the sea by the earth’s interior forces, in 
mid-Paleozoic time. As the rise of the land was progressive from north 
to south the streams on the new coastal plain must have flowed southward 
into the receding inland sea, which lingered for awhile in Pennsylvania. 
That most ancient river flow is even now represented in the branches of 
the Susquehanna and Delaware systems (Fig. 1), which have persistently 
held their right-of-way through all of post-Devonian time. Topographic 
features in western New York appear to be relics of that primitive drain- 
age. Probably Cayuga, Seneca, and other of the large valleys were 
initiated by that earliest run-off of atmospheric water. 

The map (Fig. 1) shows that west of the Otselic and the Chenango 
rivers the direction of stream flow had been directly reversed before the 
Glacial Period. The process of reversal in flow direction probably began 
in the Mesozoic Era with the development of the Ontario Valley. This 
great basin originated as an east-west “subsequent” valley in the wide 
belt of nonresistent Ordovician strata. As the Ontario Valley widened 
and deepened, it acquired tributary streams from the south, and by head- 
ward erosion these north-flowing streams ate back, southward, into the 


2H. L. Fairchild: Glacial lakes of western New York, Geol. Soc. Am., Bull., vol. 6 
(1895) p. 353-374; Kettles in glacial lake deltas, Jour. Geol., vol. 6 (1898) p. 589-596; 
The Susquehanna River in New York and evolution of western New York drainage, N. Y. 
State Mus., Bull. 256 (1925) 99 pages; Cayuga Valley lake history, Geol. Soc. Am., Bull., 
vol. 45 (19384) p. 233-280. 

3H. L. Fairchild: The Susquehanna River in New York and evolution of western New 
York drainage, N. Y. State Mus., Bull. 256 (1925) maps. 
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highland until they drained much of northern Pennsylvania. This 
remarkable reversal of the original stream direction was completed in the 
late Tertiary Period, when northeastern America stood some thousands 
of feet higher above the sea than it does today. Then all the rivers were 
quenched, and the entire State submerged, by the solid water of an ice 
sheet formed from Canadian snowfall. 

Among the lovely sisterhood of those rivers of preglacial time the one 
which carved the Seneca Valley probably carried the largest volume of 
water, having captured the whole drainage of the area now controlled 
in the State by the Susquehanna, together with the northern branch of 
the Delaware (Fig. 1). The augmented river is named Susqueseneca, 
and its valley of Tertiary time will carry the same name. 

From the fact that the only deep trenches across the scarp of the Niagara 
formation, in the State, are the Irondequoit Valley, the path of the pre- 
glacial Genesee, and the Sodus Valley, the evident outlet for the central 
New York drainage; the chief competitor with the Susqueseneca River 
appears to have been the Genesee. The Cayuga River and the streams 
on the east are supposed to have joined forces with the Susqueseneca 
(Fig. 1). 

Another illustration of the control over land drainage exercised by the 
varying character of the underlying rock strata, and their resistance to 
stream erosion and atmospheric decay, is found in the Salina formation. 
The outcrop of this series of decomposable shales, holding salt and 
gypsum, produced a wide east-west depression in the land surface extend- 
ing from south of Buffalo eastward to beyond Syracuse. This depression 
controlled the stream flow in Tertiary time, as it does at present. The 
two trenches in the northern wall of this depression for escape of the 
preglacial waters are noted above. And today the only important streams 
which escape from the Salina furrow are the Genesee and the Oswego 
rivers, which carry all the northward flow of central and western New 
York east of the Niagara River. 

The Tertiary Genesee, after an eastward stretch, then turned northward 
in the present Irondequoit Valley. The path of the Susqueseneca north 
of Geneva to Sodus Bay valley is completely filled with glacial and lacus- 
trine deposits. However, gas wells in the Geneva district indicate that 
the river canyon curves to the northeast. Further exploration with the 
drill is required to reveal the exact path and the place of junction with 
the Cayugan canyon and the heavy drainage from the east. 

Figure 5 represents the Susqueseneca trench as leading directly north 
from Seneca Lake. This is not true to fact, but for the purpose of 
estimating the depth of the buried canyon it is the only practicable 
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mapping. Calculations on the depth of the canyon, with inferences as 
to its form and the amount of drift filling, are given below. 

Glacial interference and drift filling, which have disrupted so many 
river systems, have been especially effective in the Seneca Valley. Its 
ancient branches have been wholly amputated, and the only stream of note 
pouring into the valley is the outlet of Keuka Lake, and that is postglacial. 

This Seneca Valley, which was once the path of one of the noblest of 
American rivers, is now a geologic tragedy of river death and burial. 

The map of ancient drainage (Fig. 1) is a theoretic retrospect, based 
on several physiographic elements. (1) The larger features of the land, 
the gross topography, retain the form and relative elevation of preglacial 
time, as the overriding ice sheet had only minor effect in New York. 
(2) The direction of the Tertiary drainage, the larger streams, certainly 
was northward from the high ground of the Allegheny Plateau to the 
deep Ontario basin. (3) Directions and relations of the valleys which 
yet remain open, together with the dimensions and form of the valley 
partly filled, indicate the drainage relation of those valleys that are wholly, 
or partly, extinguished. An example is the abandoned valley of the 
Chemung River between Big Flats and Horseheads. (4) The present 
southward flow of the Susquehanna River from Waverly is certainly not 
its preglacial course. The constriction in the valley at Towanda, Pa., 
represents a drainage divide, or col, of Tertiary time, when a small stream 
headed at Towanda and joined the Susqueseneca at Waverly. The rock- 
cutting by the present river at Towanda shows that the pass has been 
enlarged and deepened by the tremendous glacial floods and the present 
river. 

SUSQUESENECA CANYON 


COMPARISON 


In the Seneca and the Cayuga valleys eastern America has its deep 
canyons. Arizona has in the Grand Canyon of the Colorado the most 
superb scenic feature in the world. The New York canyons are invisible. 

The only open valleys in eastern America, which in dimension and 
form merit the term, great canyon, are in the Catskill Mountains. The 
one of greatest length is the Esopus Valley, which for about fifteen miles 
has a depth, from the valley width of two or three miles, of 1,200 to 2,000 
feet. The buried canyon of the Susqueseneca is much over 100 miles in 
length, with depth, in the southern stretch, of 2,000 feet below the enclos- 
ing highland. 

A fair knowledge of our obscured and buried paleotopography can be 
obtained only by boring to positive bedrock. For many years the writer 
has urged the educational value of such exploration, but although untold 
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millions of money are used in the interest of business and materialism 
the worthwhile study of these natural features, a purely intellectual 
interest, could not obtain the few thousands required. 

Fortunately, the persistent search for more salt, rock oil, and rock gas 
has given a little data on the buried valleys. While awaiting sufficient 
critical data, which may be long in arrival, it will be interesting, with 
some educational value, to use existing data as the basis for theory and 
speculation. 

Many years ago a drilling for salt on the low plain at Watkins probed 
1,200 feet without reaching rock. On the plain at Ithaca the drill did 
not encounter rock at 1,250 feet. These records of great minimum depth 
of the valley fillings have been surprising and neglected. 

The level of Cayuga Lake is below that of Seneca Lake about 
(444 — 381) 63 feet. The low delta plains at the heads, south ends, of 
the lakes have similar relation in elevation. The boring at Ithaca reached 
113 feet deeper below sea level than the Watkins. As the rock strata 
holding the two valleys are similar and as the Susqueseneca River was 
larger than the Cayuga, it is fair to assume that the drift filling at Watkins 
extends much below the well record. However, the calculations to follow 
will use the minimum figures of the well record. 


DIMENSIONS; PROFILES 


During the years 1878-1883 the Department of Engineering of Cornell 
University made a refined trigonometric and hypsometric survey of Seneca 
Lake, and published the results in a detailed map, with eighteen cross- 
sections of the lake basin. These vertical sections have interesting rela- 
tion to the problem of the canyon depth. In order to display the shallow 
sections at the ends of the lake, an exaggerated vertical scale of 200 feet 
to the inch was used, against 5,000 feet for the horizontal element. For 
the deep middle sections this difference in scale between the horizontal 
and the vertical gives a singular well-like profile. Six of the deeper sec- 
tions are here reproduced as Figure 2. Number V is at Glenora, and is 
practically the same section as that in Figure 3. Number X is midway 
between Lodi Landing and Long Point. Number VIII is slightly the 
deepest section, 612 feet, but one sounding of 618 feet is noted north 
of Number VII. 

The Susqueseneca, like all the New York valleys, must have deepened 
rapidly while the land was approaching its maximum elevation in closing 
Tertiary time, so producing the “over steepened” lower walls. The cross- 
profiles must have been decidedly V-shaped, with narrowed bases or river 
beds. The sectional diagrams of the Cornell map show only the upper 
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portions of the canyon, or that above the drift filling. The canyon floor 
was probably little, if any, wider than the breadth of the river. An at- 
tempt to show the probable form and depth of the buried canyon is made 
by adding the broken lines holding the drift filling. The actual propor- 
tions and form of the canyon are shown in Figure 3, drawn to true scale; 
this section being close to the Number VII in Figure 2. 

For the tentative study of the canyon, wholly buried in drift and lake, 
unfortunately we have no precise figure for depth at any point; and only 
two points with any value for theoretic estimates. These are the well at 
Watkins, in the drift filling to depth of 1,200 feet without reaching rock, 
and the assumed point of junction of the Susqueseneca River with the 
Ontarian River beneath the median line of Lake Ontario, which has 
been sounded to depth of 721 feet. As these figures do not have definite 
values, the following estimates and calculations on the depth and the 
gradient of the canyon are only suggestive; but they indicate one method 
of attack on the problem. (The two points may be designated as “A,” 
for the Watkins locality, and “B,” for Lake Ontario.) 

The following calculations are based on the known up-and-down move- 
ments of Canada and New York, with the vertical oscillation of “B” 
greater than that of “A.” We have evidence of high uplift of northeastern 
America during preglacial time, with reversal or downthrow movement 
in glacial time when subjected to the weight of the Quebec ice cap; also, 
a minor rise of the area since the glacier disappeared. 

The precise location of the deep boring on the low plain at Watkins is 
uncertain. The plain is a postglacial delta filling of the head of Seneca 
Lake, extending from Watkins three miles to Montour Falls. The eleva- 
tion of the plain at Montour Falls is 460 feet, a rise from the lake of only 
16 feet. As the calculations to follow are dealing with sub-values and 
are only suggestive, the surface level of Seneca Lake, 444 feet, will be the 
more definite and usable datum plane. 

The first assumption relates to the slope, or gradient, of the rock bottom 
of the ancient river. One foot per mile is a fair gradient for a great river 
in its old age. At the “A” point the drill probed to (1,200 — 444) 756 
feet below sea level. In the distance of 86 miles from “A” the river 
bottom at “B” would have elevation (756 + 86) 842 feet below sea level. 

As further assumptions and calculations are based on the greater ver- 
tical movements of the “B” locality, this 842 feet is the minimum value 
of “B” before the Tertiary uplift. 

The drowned valleys of the Maine coast and the fjords of Puget Sound 
and Norway have long been recognized as proof of higher elevation of 
the land in the Tertiary Period. Now we have evidence, by the new, 
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sonic method of sounding oceanic depths, that stream-cut trenches lie 
off the northern Atlantic coast, down to 7,000 feet in the sea. This implies 
that northeastern America stood 7,000 feet higher than today. The 
White Mountains then were pushed up in air 13,000 feet ; the Adirondacks, 
12,000 ; and the Catskills, perhaps 10,000 feet. These alpine heights gath- 
ered snow caps, which, by uniting, initiated the continental ice sheets of 
Canada, New England, and New York. 

Central New York was on the southern slope of the probable dome- 
shaped uplift, and the “B” locality was lifted higher than the “A” locality. 
The actual difference in elevation is indeterminate, depending on the 
height, form, and extent of the dome. With estimates and calculations 
which need not be here rehearsed, we may assume that the “B” point 
was raised 500 feet higher than the Watkins locality. 

It is more than probable that the north-flowing Ontarian and Susque- 
seneca rivers persistently held their right-of-way during the slow Tertiary 
uplifting, and at the close of the rise the point “B” had been trenched 
down through the 500 excess feet of upraised strata, while yet remaining 
86 feet lower than the point “A.” Any steeper gradient than the one foot 
per mile only increases the figures for depth. 

Because of the weight of the Pleistocene ice, the upraised dome was 
pushed down, and with the depression the point “B” fell back from the 
Tertiary rise of 500 feet more than “A,” or, in other words, the point “B” 
dropped 500 feet below its position relative to “A” at the time of the 
maximum Tertiary uplift. This carried “B” down to (842 + 500) 1,342 
feet below sea level. 

A further change, of opposite effect, must now be noted. Since the 
depressing effect of the ice sheets has been removed from the glaciated 
territory, central New York has risen with a northward differential uplift 
of about two feet per mile on the meridians. This later movement has 
raised the “B” point about (86 X 2) 172 feet more than “A.” Deducting 
this postglacial rise from the figure for glacial depression of “B” 
gives (1,342 — 172) 1,170 feet as its present elevation below sea level. 
This implies a minimum depth of drift beneath Lake Ontario of 
(1,170 — [721 — 246]) 695 feet; also, that the present gradient of the 
canyon bottom is almost five feet per mile in a direct line, as diagrammed 
in Figure 5. 

Applying the same gradient and calculation to the Cayuga Valley, the 
drop from the bottom of the Ithaca well, elevation (1,250 — 381) 869 feet, 
to the supposed junction of the Cayugan and the Susqueseneca rivers 
(Fig. 1) is about 225 feet, making the minimum elevation of that point 
about 1,094 feet below sea level. This is below the estimated elevation 
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of the Susqueseneca at the junction point, and is an added suggestion 
that the Seneca canyon may be much deeper than probed by the Watkins 
well, and that Figures 2-5 do not indicate sufficient depth. 

We must, for the truth, await future precise well records, with their 
data, either in confirmation or in denial of the above tentative figures. 
In the meantime, with some assurance of the deep, canyon-like valley, 
the students in physiographic geology of New York, present and past, 
can make their own theories, calculations, and predictions. The writer 
only introduces the problem with suggestion of one method of attack. 


ROCK SECTION; STRATIGRAPHY 


The stratigraphic, or hard-rock, geology of the Seneca Valley is a 
special subject which here will be noted briefly. The rocks and their 
contents in minerals and fossils have not been fully described. Paper 
No. 4 treats of the strata in the Elmira-Watkins district, and Paper 
No. 30 of those in the valley northward to Geneva, briefly and incon- 
clusively. 

The trench cut by the Tertiary Susqueseneca River dissects, from the 
top downward, all the strata of the Devonian Period, all those of the 
Silurian and most of the Ordovician. On this meridian the Ordovician 
strata are invisible beneath the drift and Lake Ontario. 

The diagram, Figure 5, gives suggestion of the rock section beneath the 
buried valley. The southward dip of the strata, 40 to 50 feet per mile, 
is necessarily greatly exaggerated in the diagram. 

The character of the rocks influenced the development of the valley, by 
both river and atmosphere. In the Elmira-Watkins district the relatively 
narrow valley with steeper and higher walls is an effect of the hardness, 
or the resistance to erosion, of the upper Devonian sandstones. The 
greater width of the valley and lake from North Hector northward is an 
expression of the weakness of the middle Devonian, the Hamilton forma- 
tion in particular. The constriction in the Geneva district is due to the 
Onondaga limestone. 

The buried canyon north of Geneva probably has some narrow, steep- 
walled sections in the more resistant Silurian strata, the Niagara lime- 
stones and the Medina sandstone. 

Figure 4 relates to a romantic and mysterious phenomenon connected 
with Seneca Lake. For a century, dull, booming sounds were heard that 
apparently came from the lake. Recently, it is shown that the strange 


4J. M. Clarke and D. D. Luther: Watkins and Elmira quadrangles, N. Y. State Mus., 
Bull. 81 (1905) 82 pages; D. D. Luther: Geology of the geneva-Ovid quadrangles, N. Y. 
State Mus., Bull. 128 (1909) 41 pages. 
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sounds were due to the escape and explosion of bubbles of natural gas 
derived from the Oriskany sandstone that lies deep in the walls of the 
valley. The relation of the gas-bearing Oriskany to the glacial drift in 
the buried valley is shown in the diagram.® 


GLACIAL HISTORY 
MULTIPLE GLACIATION 


West of New York, and especially in the northern portion of the Missis- 
sippi basin, students of glaciation find the records of several invasions by 
continental ice sheets, with long intervals of mild climate. The Glacial 
Period is thus divided into Glacial and Interglacial stages. However, 
no well-attested interglacial deposits have been found in New York, New 
England, and New Jersey. The absence of evidence of glacial complexity 
in the eastern area is surprising and puzzling. The latest ice sheet reached 
to quite the glacial limit, the fringe of scattered drift along the front of 
the Wisconsin “terminal moraine” being diagnosed as the record of an 
earlier glaciation. The only deglaciation interval recognized in New York 
came near the close of the ice age.® 

Evidently, the glacial history of the eastern area is not fully revealed. 
All the New York phenomena and records thus far recognized are those 
of the latest ice sheet during its removal. These records are superim- 
posed on, and have buried or destroyed the effects and records of, any 
earlier glaciation and deglaciation episodes. For simplicity and clarity 
in discussion and description of the central New York features, the story 
here told relates only to the latest ice sheet, the only one in the area of 
which we have any knowledge. 


WORK OF THE OVERRIDING ICE SHEET 


Mechanical effects of glacial invasion on the land surface must be dis- 
tinguished as destructive and constructive, or erosional and depositional. 
The chief work of the ice sheet in central New York was constructive. 

When the first ice sheet invaded the territory it found a land surface 
not unlike the present in its larger relief, but quite different in the minor 
topography of the lower ground. The major topography, the deep valleys 
and high intervalley ridges, was in existence, with only a thin veneer of 
residual “soil,” the less soluble residue of the rock strata that had been 


5H. L. Fairchild: Silencing the “guns” of Seneca Lake, Science, vol. 79 (1934) p. 
340-341. 

¢H. L. Fairchild: Glacial waters in central New York, N. Y. State Mus., Bull. 127 
(1909) 66 pages ; Closing stage of New York glacial history, Geol. Soc. Am., Bull., vol. 43 
(1932) p. 603--626. 
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removed by the atmospheric agencies. There were no lakes, no extensive 
plains, but a surface similar to that of the present in the uplands of our 
southern states. 

The erosive work of the continental ice sheet was formerly greatly over- 
estimated. In New York the glacier was so heavily loaded with subgla- 
cial drift that it had slight erosive action. On the high lands and the 
valley walls the abrasive action of the ice sheet was a smoothing effect. 
Valley-deepening is ruled out.” 

On the other hand, the negative work of deposition was important. 
The existing valley topography in central New York, the divides between 
northward and southward stream flow, and the plains and lakes are all 
products of the depositional work of the ice sheet. This implies, of course, 
the gathering of rock material somewhere to the north and its southward 
transportation. 

In the Seneca Valley the depositional work is remarkably displayed 
in the drift burial of the valley. The massive deposit in the Horseheads- 
Elmira district is part of the Valley Heads moraine, and the filling north 
of Geneva is partly moraine * and partly lake deposit. 

Gravel deposits, as kames and eskers, the product of glacial streams, 
should be sought on the higher ground above the highest lake levels of the 
district. 

GLACIAL WATERS, FIRST SERIES 
Definition; description 


The term, “glacial waters,” applies only to water held in conjunction 
with a glacier. Hence, the term, glacial lake, belongs only to a water 
body imprisoned by the ice sheet serving as a barrier. Multitudes of 
existing lakes in glaciated territory are due indirectly to the glacier but 
directly to the blockading of drainage lines by glacial deposits. The 
correct name for such lakes is morainal, drift-barrier, and kettle lakes. 
Seneca Lake is impounded by the massive drift-filling between Geneva 
and Sodus Valley, and is a drift-barrier lake. 

The occurrence of glacial lakes was coincident, in place and in time, 
with the ice sheet ; they always lay against the front of the glacier. They 
could exist only where the land surface with a valley or basin was sloping 
toward the ice margin. As the ground of central and western New York, 
with its many deep valleys, declines northward toward both the invading 


7H. L. Fairchild: Ice erosion theory a fallacy, Geol. Soc. Am., Bull., vol. 16 (1905) 
p. 13-74. 
8H. L. Fairchild: New York moraines, Geol. Soc. Am:, Bull., vol. 48 (1932) p. 627-662. 
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and the receding ice front, this was the area of the most remarkable oc- 
currence of ice-dammed waters.° 

Among all the valleys of New York the Seneca Valley was unique in 
its relation and reaction to the oncoming ice sheet. The other north- 
sloping valleys, having elevated heads, or cols, on the south, held a series 
of glacial lakes during the advance of the ice front. These lakes rose to 
higher, and yet higher, levels as the oncoming ice front blocked the 
earlier, and lower, lake outlets. The lakes of ice front recession, of which 
the records are preserved, fell away from higher to lower levels. 

Seneca Valley held lakes of the later, or ice-recession, series and only 
a single lake of the ice advance, because the deep Susqueseneca Valley 
lay open freely to the south, and also because its divide, or col, in the high- 
land of the Allegheny Plateau was the lowest pass for escape of the im- 
prisoned glacial water between Chicago on the west and Rome on the east. 


Susqueseneca glacial lake 


The name, Susqueseneca glacial lake, applies to the glacial water held 
in the Susqueseneca canyon by the ice sheet advancing from the north. 
When the spreading ice flood filled the Ontario Valley and had advanced 
so as to block the Rome-Little Falls higher escape to the Mohawk Val- 
ley, the only remaining escape for the rising water was southward across 
the Towanda col. 

Today, the Susquehanna River has elevation at Towanda of 700 feet, 
but it was somewhat higher before downcutting by the glacial floods and 
the present river. Another factor is the postglacial land uplift, which 
has lifted the Seneca Valley relative to Towanda. These unmeasured ele- 
ments may be neglected here, as minor changes. 

Taking the Susqueseneca Lake surface at Watkins as 700 feet above 
sea level, and the canyon bottom as at least 756 feet below (Fig. 5), one 
finds that the depth of the lake at that point was 1,456 feet. On the north 
it was as much deeper as the differential land uplift. It was a water 
body of great depth, icy cold and fated for extinction. 

This ancient hypothetic lake, restored in imagination, had actual exist- 
ence. It occupied the valleys of central New York to the level of the 
Towanda outlet, and had a form suggesting the lake in Figure 8, but 
was lower in elevation and less expansive. It occupied the low valleys 
then tributary to the Susqueseneca Canyon. A forking branch extended 


°H. L. Fairchild: Glacial lakes of western New York, Geol. Soc. Am., Bull., vol. 6 
(1895) p. 353-374; Glacial waters in the Finger Lakes region of New York, Geol. Soc. 
Am., Bull., vol. 10 (1899) p. 27-68; Glacial waters in central New York, N. Y. State 
Mus., Bull. 127 (1909) 66 pages ; Cayuga Valley lake history, Geol. Soc. Am., Bull., vol. 45 
(1934) p. 233-280. 
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westward up the Chemung and the Tioga valleys, and another reached 
eastward in the present Susquehanna Valley. Susqueseneca Lake had, 
in general, a form arborescent, or tree-like, based, or rooted, in the ex- 
panse of central New York, its trunk in the canyon valley, and its branches 
in the valleys on the south. 

If more and better data become available, some future, enterprising 
student may estimate closely the elevation, depth, and expanse of this 
long unrecognized lake, and attempt a map of its scraggly form. 


Lakes of ice-front recession 


When the glacier waned and its south front backed away across New 
York, it held a long series of lakes, with falling levels, the reverse of the 
lakes during the ice invasion. Susqueseneca Lake, described above, was 
the one great lake of ice advance in the Seneca Valley. It antedated the 
ice-recession lakes by quite the whole length of the Glacial Period. 

These lakes were initiated in the heads of the valleys along the south- 
ern divide (Fig. 7), and they expanded while retaining contact with the 
receding margin of the ice sheet. The lakes were highest above sea level 
when they were created, and fell to lower and lower levels as the ice released 
or uncovered lower ground and the waters discovered lower escape eastward 
or westward. 

As noted above, all the observable inscriptions by the glacial waters, 
lakes and streams, are those of the latest stand of the waning glacier for 
each locality. They are the connecting link between glacial time and the 
present episode of deglaciation. The diagram, Figure 6, shows the suc- 
cession of glacial waters in the Seneca Valley and the deformation of the 
lake planes caused by the postglacial tilting uplift of the land. 

The earliest of these lakes in the Seneca Valley found escape across 
the drift-filling at Pine Valley-Horseheads, and the features of that outlet 
require description. 


Horseheads glacial outlet 


The district extending from Pine Valley southward through Horse- 
heads to below Elmira is one of the most critical and interesting localities 
in relation to American glaciation, and is, perhaps, unrivalled in the com- 
plexity of its history and the quantitative uncertainty of several elements. 

It is entirely mapped in the Elmira topographic sheet and brief descrip- 
tion of the outlet features have been published.’° 


1H. L. Fairchild: Glacial lakes of western New York, Geol. Soc. Am., Bull., vol. 6 
(1895) p. 366-368; R. S. Tarr: The physiographic history of Watkins Glen, Am. Scenic 
and Hist. Preserv. Soc., 11th Ann. Rept. (1906) p. 113-141; M. L. Fuller: The Horse- 
heads outlet of the glacial lakes of central New York, Science, vol. 17 (1903) p. 26. 
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With some interference and change by human activity, this great outlet 
for the copious glacial waters of central New York fairly preserves the 
form produced by the glacial flood. The mile-wide stretch from Pine 
Valley southward through Horseheads is the headward portion of the 
channel that was swept by the river that drained Lake Newberry (Fig. 8). 
The elevation of the wider stretch is about 920 feet, with a narrow strip 
along the west side some ten to fifteen feet lower. 

When the outlet was recognized by G. K. Gilbert and examined by the 
writer 11 in 1894, the elevation of the outlet was taken as 900 feet, the 
figure for the channel floor in Horseheads village. In subsequent writ- 
ings and in calculation of water levels, that figure has been retained. Now 
it is decided to consider the elevation of the outlet as 920 feet above sea 
level, and it is so diagrammed in Figure 6. 

The wide channel that was swept by the glacial flood passes through 
the city of Elmira and then swings eastward. Areas with elevations above 
920 feet indicate places where glacial and stream deposits were leveled 
and smoothed by the standing waters of lakes Elmira and Watkins. 

Surface features in the Horseheads-Elmira district are an effect, in 
their form and composition, of the several geologic agents which operated 
there. The topographic features will be better understood, in their gene- 
sis and character, by a relation of the successive episodes in the local 
glacial history. These were as follows: 


(1) The record of the ancient glacial lake in Susqueseneca Canyon, 
described above, was entirely destroyed by the subsequent ice sheet. 

(2) Susqueseneca Canyon was partly filled with rock-rubbish, or drift, 
rubbed in by the invading and overriding glacier for scores of thousands 
of years. 

(3) Deposition of drift by the glacier was completed by the piling 
of terminal or moraine drift at the margin of the waning ice sheet when 
it was making its last standstill in the district. This is part of the Val- 
ley Heads morainic belt, the last record of the ice sheet in the area. 

(4) When the ice sheet melted away the land stood much below its 
present elevation, as a result of the long-continued depressing weight of 
the deep continental glacier. 

(5) The accumulation of glacial drift in the Susquehanna Valley 
on the south and the waning glacier on the north held water to high level 
in the Elmira-Watkins district, as described below. 

(6) Abundant detritus was swept into the high-level lake by the 


1H. L. Fairchild: Glacial lakes of western New York, Geol. Soc. Am., Bull., vol. 6 
(1895) p. 353-374. 
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streams from the freshly uncovered uplands. This deposition of gravel, 
sand, and silt completed the depositional process in the district. 

(7) The deposits, glacial drift and lake sediments, were leveled and 
smoothed by the wave action of the standing waters. The highest plains 
in the Elmira district evidently mark the summit level of the imprisoned 
waters. 

(8) With the falling levels of the lakes, river flow was eventually estab- 
lished across the Elmira-Horseheads drift-filling. The volume of flow 
was small at first, with the initiation of Lake Watkins; the increasing vol- 
ume culminated in the tremendous flood of the closing Lake Newberry, 
as shown in Figure 8. Two conspicuous terraces, west and southeast of 
Horseheads, represent stages in the lowering of the river flow produced 
by the erosion and intrenching of the outlet channel. The narrow por- 
tion of the greater channel, along its west side from Pine Valley to Horse- 
heads, probably represents the diminished outflow as Lake Newberry was 
slowly drained away. 

Form and height of the glacial deposit in the Pine Valley-Elmira dis- 
trict, as completed and abandoned by the ice sheet, cannot be determined. 
It was not exposed to the air below what is now 970-980 feet elevation, 
because the ice front in its northward retreat was followed by the highest 
water level of Lake Elmira. 


Lake Elmira 


Evidence and proof of standing water at high level in the Elmira- 
Watkins district are found in the elevated plains, smoothed by wave ac- 
tion, and in the terraces along the sides of the valley. The plains 
are, in general, the deltas or remnants of deltas, which were built in the 
standing water by the inflowing streams from the uplands. 

Broad level areas of lower elevation indicate later plains, much below 
the level of the early Elmira Lake. At Wellsburg the valley plain is 810 
feet, only ten feet above the present Chemung River. At South Elmira 
the wide plain is 840 to 860 feet. At Elmira the plain rises northward 
from 840 to 900 feet, retaining the higher elevation to Horseheads and 
westward to East Corning. 

The higher, and summit, plains are some 60 feet over the wide 900 feet 
level, and are the deltas along the sides of the valley. A good example 
of these plains is found in the northwest part of Elmira, at Woodlawn 
Cemetery and Carrs Corners, where the delta of Heller and Hoffman 
creeks has elevation up to 960 and 970 feet. The clearest display of 
summit-level delta plain is two to three miles northeast of Horseheads, 
between Newtown and Catherine creeks, where the combined work of those 
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streams built a delta with elevation up to 975 feet. East and west of Pine 
Valley the summit plains are well developed up about 980 feet. 

As the lobe of ice in the Seneca Valley lost in volume it was followed 
by the highest lake water, which eventually penetrated between the ice 
and the wall of the valley as far as Watkins. The lake level appears one 
mile west of the village, by the railroad station, where the delta of Glen 
Creek has elevation of at least 990 feet. At Burdett, three miles north- 
east of Watkins, a delta plain rises to 1,000 feet. 

The volume of water escaping across the drift barriers, which were 
on the south, somewhere in the Chemung and the Susquehanna valleys, 
apparently was not competent to remove the dams rapidly, and Lake 
Elmira retained nearly its primitive level until it reached north to 
Watkins. 

These records of high water in the Elmira district have already been 
noted and the name applied.‘ The high-level water in the Susque- 
hanna Valley, eastward from Waverly to Great Bend, Pa., were described 
as Lake Binghamton, the elevation of the lake inscriptions appearing 
to be somewhat lower than the records in the Elmira district. 

The only causal explanation of the Binghamton lake is that of heavy 
and extensive barriers of glacial drift in the river valley south of Waverly, 
and quite certainly south of Towanda, in the long, winding valley. 

If the Elmira Lake was actually independent of the Binghamton water, 
and stood at a higher level, then its dam must have been between Wells- 
burg and Waverly. But today there is no suggestion of such barrier. 
However, the glacial flood of Lake Newberry swept the entire valley to 
Chesapeake Bay, removing the drift dams. 

It is possible that Elmira Lake was only the early, and higher, level 
of the waters throughout the Susquehanna Valley, east and west, and 
that the records of higher level in the Binghamton district have been 
overlooked or unrecognized. However, in the present state of our incom- 
plete information it seems convenient to retain the name, Lake Elmira, 
and it is plotted in Figure 5. 

Tilting land uplift since the ice sheet disappeared should be discussed 
in this connection. The distance between the parallels of Elmira and 
Towanda is 22 miles, which implies a difference in rise of about 44 feet. 
If Elmira was 44 feet lower in relation to Towanda, then the drift-barrier 
dam at Towanda would have to be 216 feet high in order to lift the water 
at Elmira to the delta plain level of 960 feet. 


2H. L. Fairchild: The Susquehanna River in New York and evolution of western New 
York drainage, N. Y. State Mus., Bull. 256 (1925) p. 62-66. 
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Local lakes 


Waters held in lateral valleys tributary to the Seneca Valley, and at a 
level higher than Lake Elmira, illustrate the complexity of the glacial 
history. 

During some phase of the waning ice sheet the lobation which oc- 
cupied the Seneca Valley at Horseheads and Watkins blocked the lateral 
valleys and produced in them a ponding of glacial water. The valley of 
Newtown Creek, east of Horseheads, was so blocked and held a lateral water 
body, the Breesport-Erin glacial lake. The principal outlet of the lake 
was by a narrow pass, one and a half miles south of Breesport, leading 
south to Baldwin Creek. The altitude of this pass, now 1,160 feet, deter- 
mined the lake level. A later escape of the impounded lake was two miles 
east by northeast of Horseheads, behind a high hill having elevation 1,100 
feet, or about 130 feet above the Elmira Lake plane. 

Another lateral lake existed at Odessa. The village stands on gravel 
plains with elevations of 1,020-1,050 feet, or about 40 to 70 feet above the 
Elmira Lake plane. Another gravel plain lies a mile south of Odessa. 

The earlier, and higher, water of Odessa Lake found escape south-east- 
ward past Alpine Village to Cayuga Creek, at elevation about 1,150 feet. 
A later escape was by a channel carved in the hillside, along a north-south 
road, three miles southwest of the village, with elevation 1,020 feet. 


Lake Watkins 


With the slow removal by stream erosion of the drift dams in the Sus- 
quehanna Valley in Pennsylvania, the glacial lake waters in the New 
York valleys were slowly drained. When the Elmira water was lowered 
onto the valley filling in the Horseheads district, this filling became the 
barrier, or dam, for Seneca Valley waters. In other words, Lake Elmira 
was extinguished and succeeded by Lake Watkins (Fig. 7) when the sur- 
face of the standing water fell so as to expose the drift deposit at Horse- 
heads, thus establishing a new barrier, and the Horseheads River swept 
across the barrier. The theoretical history of the Horseheads divide has 
been given above. 

The lake waters fell away gradually, with no sudden drop ; consequently, 
a close succession of shore records should have been formed. The fol- 
lowing is thought to be an example of an intermediate plane. 

Eight miles north of Watkins and southwest of Glenora the combined 
work of Big Stream and Rock Stream built a massive delta which appears 
to represent a stage of the falling water, intermediate between the planes 
(Fig. 6) designated as Elmira and Watkins. The summit elevation is 
1,000 feet, which there falls below the theoretical plane of Lake Elmira 
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but above the Watkins plane, if one estimates the northward rise of the 
lake planes as two feet per mile. The natural explanation is that by the 
time the water had penetrated the ice lobation of the ice margin to this 
locality, the Horseheads outlet channel had been somewhat intrenched 
by the stream erosion and the water level lowered proportionately, but 
not quite to the Watkins level (Fig. 6). 

Lake Watkins was named and described in an earlier paper.’* It is 
regarded as the early, and less expanded, phase of Lake Newberry. In 
giving names to the glacial lakes, it was deemed desirable to employ geo- 
graphic names that would clearly denote their location. For local, or 
restricted, lakes the chief village now standing in the lake area becomes 
the most distinctive name, but for the widespread glacial waters, with 
no distinctive geographic area, the unwritten rule was established of using 
the name of some geologist eminent in glacial study or identified with the 
lake territory. Hence, the water restricted to the Seneca Valley was 
called Watkins, and the later lake, expanded into other valleys on the 
east and west, was called Newberry, after Professor John S. Newberry, of 
Columbia University. 

The diagram, Figure 6, gives the Watkins Lake plane a somewhat 
higher level than that of the Newberry, on the theory that the Horseheads 
outlet was lowered by erosion during the life of Lake Watkins. The Wat- 
kins plane is drawn to represent the early stand of the Seneca Valley 
waters; the Newberry plane represents the closing level, with the outlet 
as we see it today. 

In Figure 6, the hypothetic planes for lakes Watkins and Newberry 
have been made to coincide with the discovered and measured records of 
the standing waters. These features are the stream deltas, smoothed 
by wave action, and the wave-built embankments, or bars, of sand or 
gravel. The features are located according to their positions along the 
meridian, south to north. Their origin and structure, whether delta or 
bar, are not indicated. 

The features marked in the diagram have been described in previous 
publications.** Because these publications are yet available to the student 
seriously interested, it is deemed unnecessary to repeat here the descrip- 
tions of the shore line features. 

Before Lake Watkins was lowered into Lake Newberry it received the 
overflow of the ice-dammed waters held in the Canandaigua and the Keuka 


18H. L. Fairchild: Glacial lakes of western New York, Geol. Soc. Am., Bull., vol. 6 
(1895) p. 353-374. 

4H. L. Fairchild: Glacial lakes of western New York, Geol. Soc. Am., Bull., vol. 6 
(1895) p. 368; Glacial waters in the Finger Lakes region of New York, Geol. Soc. Am., 
Bull., vol. 10 (1899) p. 41-43; The Susquehanna River in New York and evolution of 
western New York drainage, N. Y. State Mus., Bull. 256 (1925) p. 63-66. 
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valleys, an interesting episode in the history of glacial drainage. When 
the ice lobe in the Seneca Valley had released the highland northeast of 
Himrod, it opened the third outlet for the imprisoned water in the Keuka 
Valley. The earliest Keuka water level, the Hammondsport Lake, had 
outflowed southward, at Bath, at elevation 1,125 feet, to the Cohocton 
Valley. A second outlet was through Wayne village and the site of Lake 
Wanetta, at 1,116 feet.** The third outlet, here described, is midway 
between Penn Yan and Himrod and a mile east of Second Milo, with 
elevation at the intake of the channel of about 1,070 feet. During this out- 
flow the Hammondsport Lake, in its third phase, was receiving the over- 
flow of the Canandaigua glacial water, a lower phase of the Naples Lake, 
through a rock ravine, cut in the east wall of the Canandaigua Valley, 
northeast of Middlesex Village, with elevation at the intake of 1,120 feet. 
The outlet stream poured into the valley of Flint Creek, which then held 
a branch of Lake Hammondsport. Detritus from the ravine-cutting 
formed a massive delta at Potter village, which holds a remarkable 
kettle.’® 

Two broad plains lie on the Potter delta, with elevations of 1,150 and 
1,080 feet. The higher level evidently correlates with the Wayne outlet 
of the Hammondsport water. The seventeen miles of distance gives 34 
feet of differential uplift, which, added to the elevation of the Wayne 
outlet, 1,116 feet, exactly makes the 1,150 feet of the upper plain of the 
Potter delta. The lower plain, 1,080 feet, correlates with the Second 
Milo scourway, the third outlet of Lake Hammondsport, four miles south- 
east of Penn Yan, with present elevation 1,070 feet. Allowance is made 
for depth of water in the outlet stream. 

Beyond the channel head, east of Second Milo the escape of the 
waters from Canandaigua and Keuka valleys was carried as ice-border 
drainage along the west edge of the Seneca ice lobe. The river followed 
the valley now holding the upper stretch of Plum Point Creek for two 
miles, or to a mile west of the village of Himrod, and then passed south- 
ward for five miles between the ice lobe and the higher ground. The 
drop was from 1,040 feet, west of Himrod, to about 980 feet, between 
Dundee and Starkey villages, where the river found the level of Lake 
Watkins. The flow continued while the ice lobation shrank, and the west- 
ern margin receded a quarter of a mile, thus producing a second, parallel, 
scourway about 20 feet lower. These two river courses are more evident 
in the field than in the topographic sheet (Ovid Quadrangle). 


1H. L. Fairchild: Glacial lakes of western New York, Geol. Soc. Am., Bull., vol. 6 
(1895) p. 364, 365; Glacial waters in the Finger Lakes region of New York, Geol. Soc. 
Am., Bull., vol. 10 (1899) p. 40, 41. 

16H. L. Fairchild: Kettles in glacial lake deltas, Jour. Geol., vol. 6 (1898) p. 589-596. 
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Lake Newberry 


When the south front of the waning glacier had receded along the 
crest of the intervalley ridge between the Cayuga and the Seneca valleys, 
to the site of Ovid village, then Lake Ithaca, in the Cayuga Valley, over- 
flowed into Lake Watkins. Soon thereafter, as the ice melted away on the 
steep hill slope north of the village, Lake Ithaca fell and blended with 
Lake Watkins, and the united waters became Lake Newberry.?* 

Recession of the ice front on the salient east of Canandaigua permitted 
union of the Newberry water with the glacial water on the west, in the 
Genesee basin. The full expansion of Lake Newberry in occupation of 
central New York is mapped in Figure 8. 

With recession of the ice front a few miles north of the Milo outlet to 
about the site of Penn Yan, the Keuka Valley water fell into confluence 
with the Seneca Valley water. Somewhat later the Canandaigua Valley 
was also occupied by Lake Newberry. 

The shore line features of Lake Newberry deserve further study, with 
precise determination and correlation of levels, along both the west and 
the east walls. The features marking water level will be more evident in 
delta terraces along ravines, but some wave work recorded in bars, and 
possibly some suggestion of cliff erosion, should be sought on the curving 
slopes. 

During its wide expansion, Lake Newberry received the drainage of 
the Adirondack highland, across the Mohawk Valley by way of Lake 
Herkimer, as shown in Figure 8.7® 

An estimate of the glacial flood carried by the outflow of Lake New- 
berry, through the Horseheads River, has been published.’® 


Lake Hall 

Lake Newberry ceased to exist when these central New York waters 
fell away to the level of some lower outlet. This lower escape westward 
was on ground south of Batavia, and finaily through that village. To- 
day, the Batavia scourway has the same elevation as the Horseheads out- 
let, 900 feet, but when it was effective it was more than 100 feet lower. 

Lake Hall is named for James Hall, the famous New York State 
Geologist, who achieved fame, as a young man on the first State Survey, 
for his report on the Fourth Geological District, the western portion of the 
State. 


7H. L. Fairchild: Glacial lakes of western New York, Geol. Soc. Am., Bull., vol. 6 
(1895) p. 353-374. 

%H. L. Fairchild: The Glacial waters in the Black and Mohawk valleys, N. Y. State 
Mus., Bull. 160 (1912) p. 19-24, pls. 12, 13. 

2H. L. Fairchild: The Susquehanna River in New York and evolution of western New 
York drainage, N. Y. State Mus., Bull. 256 (1925) p. 43-47. 
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Lake Hall, as the successor to Newberry in central New York, was 
initiated when westward outflow of the Genesee basin waters began in 
passes south of Batavia, about 100 feet higher than the closing outflow 
through Batavia. Hence, the shore features of Lake Hall should range 
through about 100 feet on the walls of Seneca Valley. The complex 
network of stream channels, cut by the outflow of Hall over into Lake 
Warren in the Erie basin, have already been mapped.”° The extinguish- 
ment of Lake Hall was produced by the opening of lower escape eastward, 
in the Syracuse district, to the Mohawk-Hudson estuary.”* 

Shoreline records of lakes Newberry and Hall have not been carefully 
studied on the slopes above Seneca Lake. The few features noted are 
plotted in the diagram, Figure 6. 

Many smoothed areas and fillings of valleys are credited to the level- 
ing and smoothing action of the Hall waters. A smoothed stretch may 
be seen along the east side of the highway from Shannon Corners north- 
ward to Dundee; also, in the wide smooth ground between Himrod and 
Dresden, at elevation 875-860 feet. The lower ground, 840-800 feet, may 
be credited to Lake Warren. In the town of Romulus the extensive 
smoothed area north of Ovid is an example of the leveling work of lakes 
Hall and Warren. 

Valleys west of the Seneca Valley exhibit many leveled and silted areas 
caused by the standing water of Lake Hall. Examples are the plain at 
Gorham, 900-880 feet, which has buried the bases of the morainal knolls, 
and probably the filling in the Flint Valley beneath the vast swamp be- 
tween Potter and Gorham. 

No map of Lake Hall is here included. It has already been published ** 
and would be similar to that of Lake Warren (Fig. 9), only somewhat 
more expanded because it stood 35 to 40 feet higher than Warren. 


Vanuxem falling water 
The earliest, and highest, eastward outflow of central New York gla- 


cial water, marking the extinction of Lake Hall, was on the high ground 
southwest of Syracuse with present elevation of 900 feet.2* With con- 


2H. L. Fairchild: Glacial waters in the Lake Erie Basin, N. Y. State Mus., Bull. 106 
(1907) 86 pages; Closing stage of New York glacial history, Geol. Soc. Am., Bull., vol. 43 
(1932) p. 603-626. 

21H. L. Fairchild: Glacial waters in central New York, N. Y. State Mus., Bull. 127 
(1909) 66 pages. 

2H. L. Fairchild: Cayuga Valley lake history, Geol. Soc. Am., Bull., vol. 45 (1934) 
p. 233-280; Glacial waters in central New York, N. Y. State Mus., Bull. 127 (1909) 66 
pages ; The Glacial waters in the Black and Mohawk valleys, N. Y. State Mus., Bull. 160 
(1912) p. 19-24, pls. 12, 13. 

*%H. L. Fairchild: Glacial waters in central New York, N. Y. State Mus., Bull. 127 
(1909) p. 23-26. 
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tinued recession of the ice front south and east of Syracuse the water fell 
away to near sea level and left only free land drainage in all of central 
and eastern New York.** 

No definite record of the falling Vanuxem water has been noted. The 
only space, or belt, on the Seneca Valley walls where such record could 
yet exist is between the planes of Lake Hall and Lake Warren, for the 
reason that the subsequent waters of lakes Warren and Dana destroyed 
the Vanuxem features and substituted their own shore line records. Stu- 
dents of this interesting history will probably be able to recognize some 
of the early water-level inscriptions of the Vanuxem. 

While Lake Hall occupied central New York, the first Lake Warren 
occupied the Erie-Huron basin to the west, but did not enter central New 
York.?> With the ice front recession that terminated Lake Hall and 
faced the falling water, named Vanuxem, the water of first Lake Warren 
found eastward escape along the Onondaga limestone scarp north of 
Batavia. That copious flow carved a remarkable succession of stream 
channels west of the Genesee Valley and in central New York.”® 

The name, Vanuxem, is in honor of Lardner Vanuxem, whose district 
in the first geological survey was the central portion of the State. 


FIRST SENECA LAKE 

A time interval of deglaciation, in centuries or milleniums unknown, 
succeeded the removal of the Canadian ice sheet from central New York 
and the draining away of the glacial waters.** During this interglacial, 
or intraglacial, period it is supposed that the Seneca Valley held land- 
locked water, a first Seneca Lake. 

The massive drift-filling of the Susqueseneca Canyon between Geneva 
and Sodus Bay was completed during the life of Lake Warren. A definite 
morainal belt marks the ice front position at Waterloo and Seneca Falls,”® 
but probably the larger part of the filling was deposited during earlier 
standstills of the ice margin; hence, it is probable that the drift barrier 
in the Geneva district was in existence and effective during the long de- 
glaciation interval. Of course, we do not know the height of the dam, nor 


%H. L. Fairchild: Closing stage of New York glacial history, Geol. Soc. Am., Bull., 
vol. 43 (1932) p. 603-626. 

%H. L. Fairchild: Glacial waters in the Lake Erie basin, N. Y. State Mus., Bull. 106 
(1907) 86 pages. 

*H. L. Fairchild: Glacial waters in central New York, N. Y. State Mus., Bull. 127 
(1909) 66 pages ; Closing stage of New York glacial history, Geol. Soc. Am., Bull., vol. 43 
(1932) p. 603-626, fig. 1. 

7H. L. Fairchild: Closing stage of New York glacial history, Geol. Soc. Am., Bull., 
vol. 43 (1932) p. 603-626. 

%H. L. Fairchild: New York moraines, Geol. Soc. Am., Bull., vol. 43 (1932) p. 627-662, 
fig. 6. 
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the course of the outlet stream, but it is reasonable to assume that the 
primary Seneca Lake was not greatly unlike the present lake in form and 
dimensions. 

One element of difference between the interglacial and the existing 
lake is the altitude. The early lake had less elevation above sea level, be- 
cause at least most of the recorded land uplift was in subsequent time. It 
is estimated that the locality of Geneva was about 235 feet lower then than 
it is today, and the early lake had an elevation of only 209 feet, instead 
of the 444 feet of the existing lake. 

The surface plane of the early lake is submerged in the present lake, 
the depth being uncertain. The slanting uplift, which has lifted Geneva 
235 feet, has lifted Watkins 165 feet, or 70 feet less than Geneva. If 
the drift was similar to the present, and if the total land uplift has been 
since the birth of the present lake, then the early lake plane is quite 
coincident with the submerged initial plane of the present lake, such 
submergence increasing from zero at Geneva to 70 feet at Watkins. 

The first lake was somewhat less in width and depth than the existing 
lake, but it was longer, for it extended southward beyond the site of Wat- 
kins, because the delta plain from Montour Falls to Watkins had not 
then been constructed. As we do not know the depth of the delta mate- 
rial which overlies the glacial drift-filling, we cannot estimate the south- 
ern limit of the lake, about 70 feet beneath the present water. 

As we have no yardstick of glacial time, the life of the first Seneca Lake 
in years is a matter of speculation and personal opinion. 


GLACIAL WATERS, SECOND SERIES 
Vanuxem rising water 


The early series of glacial waters, described above, was a succession of 
falling levels, dropping from 1,000 feet (present elevation) in the Seneca 
Valley down to sea level. This later series is not a unit, being a stage 
of rising water, culminating in the second Lake Warren, and then a second 
subsiding sequence. This outline is according to present knowledge of 
the glacial history. The actual sequence may have been more varied in its 
important events, and probably held many minor variations, unrecorded 
or now unrecognized. 

The first Seneca Lake was overwhelmed and ingulfed by a return of 
central New York glacial waters. Some unknown physical and climatic 
change produced a re-advance of ice from Canada. When the ice mar- 
gin filled the west entrance of the Mohawk Valley, in the Rome-Utica 
district, glacial water again accumulated in the Syracuse-Oneida district. 
The continued re-advance of the ice front lifted the water to higher and 
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higher levels as the eastward outlets were successively blocked. In gen- 
eral, it was in reverse of the falling Vanuxem. 

In the progressive rise of the ice-dammed water the Cayuga Valley 
was flooded,”® and soon thereafter the Seneca Valley. Land-locked Seneca 
Lake was replaced by the Seneca embayment of the rising Vanuxem. The 
rise of water continued until it discovered the old westward pass across 
the State of Michigan to glacial Lake Chicago and the Mississippi. This 
culmination of the rising water was in a second Lake Warren. 

No shore line records of the rising Vanuxem could be preserved, as they 
were obliterated by the subsequent wave action of lakes Warren and Dana 
and lower waters. 


Lake Warren 


The first Lake Warren was extinguished, as described above, in the 
downdraining of the falling Vanuxem, and did not enter central New 
York. The second Lake Warren, the one now considered, was created 
in central New York and spread westward through Ohio and Indiana. 

The shore line of this second Warren is strongly marked through the 
Genesee Valley,*° and it should be well defined in the Seneca Valley. How- 
ever, it has not been seriously explored, and it offers appealing opportu- 
nity to students. Theoretically, the Warren shore features would be dis- 
tinct, for the reason that they were produced by rising water, with a 
period of standstill at the summit. 

The Warren plane as drawn in the diagram, Figure 6, may be subject 
to some slight adjustment with discovery of more data for the summit 
level. As now placed, it is not quite parallel with the Hall plane, sug- 
gesting slightly less deformation in the land uplift. This difference 
suggests that during the period of deglaciation, with removal of the 
weight of the ice cap, there was some rise of southern New York. 

The lake planes, Elmira to Newberry, are certainly parallel, because 
they participated in the same amount of early land uplifting. The plane 
of Lake Hall should lie parallel to Newberry rather than to Warren. 
This is a nice distinction which should be determined by the precise meas- 
urement of more shore line data. 

During Lake Warren time the position of the re-advanced ice front is 
clearly marked in the definite line of moraine at Waterloo and Seneca 
Falls and east of Cayuga Lake through the city of Auburn. The group 
of high kames, with enclosed kettles and kettle lakes, northwest of Water- 


2H. L. Fairchild: Cayuga Valley lake history, Geol. Soc. Am., Bull., vol. 45 (1934) 


p. 233-280. 
% H. L. Fairchild : Lake Warren shorelines in western New York, and the Geneva beach, 


Geol. Soc. Am., Bull., vol. 8 (1897) p. 269-286. 
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loo, is a part of the moraine belt.** The notable kames of Mendon, south 
of Rochester, were also built in Lake Warren time. 

The first Lake Warren was confined to the Erie-Huron basin, and its 
downdraining, during the episode of falling Vanuxem, produced the great 
series of channels between Batavia and Syracuse. Seneca Valley was 
then holding the first Seneca Lake. 

This second Lake Warren originated in central New York and extended 
westward to the State of Michigan. It was terminated, like Lake Hall, 
by another recession of the ice front in the Syracuse-Oneida district, and 
the falling waters were in imitation of the falling Vanuxem. The stage 
might be called the second falling Vanuxem, but, as these subsiding waters 
were the last glacial waters in New York with their records preserved 
in shore features and outflow channels, one noted standstill should be 
specially recognized as Lake Dana. 


Lake Dana 


The discovery of this interesting water level was made in 1896, on 
ground along the Preemption Road, west of Geneva—Geneva Beach, as it 
was then named.** Subsequently, it was found to correlate with the 
capacious east-leading channel at Marcellus village, southwest of Syra- 
cuse. Descriptions of the lake, named after Professor James D. Dana, 
have already been published.** 

The Dana features, like the Warren, are well developed through the 
Genesee Valley, and with interesting characters. The shore line is traced 
westward to the village of Westfield, where it passes beneath Lake Erie.** 
The Dana features in the district of Buffalo and across the border in Can- 
ada were improperly called Lake Lundy. 

The Dana level (Fig. 6) should be clearly marked on the walls of the 
Seneca Valley, and should be located and accurately measured for eleva- 
tion, especially in connection with, and in relation to, the Warren level. 

Lake Dana is the only pause, or standstill, which has been recognized 
in the second, and final, lowering of central New York glacial waters. 
However, it is possible that some level may be discovered, to correlate 
with some pass or cliff-cutting east of Syracuse and lower than the Mar- 


31H. L. Fairchild: New York moraines, Geol. Soc. Am., Bull., vol. 43 (1932) p. 627-662, 
fig. 6. 

8H. L. Fairchild: Lake Warren shorelines in western New York, and the Geneva beach, 
Geol. Soc. Am., Bull., vol. 8 (1897) p. 269-286. 

3H. L. Fairchild: Glacial waters in the Finger Lakes region of New York, Geol. Soc. 
Am., Bull., vol. 10 (1899) p. 27-68; Glacial lakes Newberry, Warren and Dana in central 
New York, Am. Jour. Sci., 4th ser., vol. 7 (1899) p. 249-263; Glacial waters in central 
New York, N. Y. State Mus., Bull. 127 (1909) 66 pages. 

%H. L. Fairchild: Glacial waters in the Lake Erie basin, N. Y. State Mus., Bull. 106 
(1907) 86 pages. 
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cellus channel. The evidence should be sought in delta terraces on the 
valley walls of both Seneca and Cayuga, and valley plains of the existing 
streams. 

As the Dana level was 180 feet lower than that of Lake Warren, the 
water was less expanded on the south than is shown in Figure 9; its 
outlet was eastward.* 


PRESENT SENECA LAKE 


After Lake Dana fell away, by the melting of the ice margin in the 
Oneida district, east of Syracuse, the lowering glacial water dropped 
below the surface of the moraine dam north of Geneva, and the existing 
Lake Seneca was born. 

Initial elevation of the lake above sea level was less than at present. 
Using the diagram of isobases of uplift,®* based on the known land move- 
ment since the beginning of Lake Iroquois time, it is estimated that the 
plane of the present lake at Geneva was about 209 feet above tide, and 
has risen 235 feet to the present elevation of 444 feet. As noted above, 
the difference in rise between Geneva and Watkins is about 70 feet, which 
implies that the lake surface has risen 70 feet on the valley walls at Wat- 
kins. 

Slow lifting of the zone of wave work along the shores preserved some 
erosional advantage in the cliff-cutting. The erosional effect since the 
lake surface became practically stationary is seen in conspicuous vertical 
rock cliffs. Similar features occur along the shores of Cayuga Lake. The 
time element in this factor of wave erosion is interesting but is indeter- 
minate. No better estimate of postglacial time is found than that based 
on the assumed life of Lake Ontario, Gilbert Gulf, and Lake Iroquois— 
30,000 years since the initiation of Lake Iroquois. During the larger 
part of postglacial time the tilting uplift of central New York was in 
progress. Perhaps the stable condition of the land and the stationary 
surface of the lake have existed a few thousand, say 5,000, years. 

Seneca Lake is some thousands of years older than Cayuga Lake. When 
Seneca Lake came into existence the Cayuga Valley was holding its 
second lake. The third, and existing, Cayuga Lake, was not born until 
Lake Iroquois was draining away.** 


%H. L. Fairchild: Cayuga Valley lake history, Geol. Soc. Am., Bull., vol. 45 (1934) 
p. 233-280; Glacial waters in central New York, N. Y. State Mus., Bull. 127 (1909) 
66 pages. 

%H. L. Fairchild: Cayuga Valley lake history, Geol. Soc. Am., Bull., vol. 45 (1934) 
p. 233-280, fig. 4. 
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SUGGESTIONS FOR FIELD STUDY 


The tracing and mapping of the ancient shore lines, with determina- 
tion of their outlet control and the relation of the waters to the ice bar- 
rier, makes a fascinating study, with educational value. Seneca Valley 
is an excellent field for such study, because of its north-south extent, the 
several distinct lake levels, and the quite definite lake history. 

The walls of Seneca Valley have been bathed by lake waters from the 
highest level shown in Figure 6 down to the existing lake. From Pine 
Valley to Geneva the lake basin is simple, direct, with no branches or 
embayments, and few notable ravines. 

The location in the field and the elevation above sea level of many of 
the lake level features are suggested in Figure 6. The elevations of shore- 
line features are used as the basis for plotting the tilted water planes. 
The data in the diagram should serve as the bases, or starting points, for 
further exploration and precise measurements. Correction of some data 
in the diagram is probable. Certainly, additional and exact data should 
be obtained. This is especially desirable in the northern part of the 
valley. Possibly, some unrecognized lake levels may be discovered. 

The glacial lake records are the shore line inscriptions written by wave 
work on the valley walls and the delta terraces along the ravines, pro- 
duced by the inpouring streams. The stream-built terraces are the more 
conspicuous features, but the wave-built embankments, or bars, are the 
better criteria for the extended lake levels. 

Apparently, none of the lakes existed for sufficient time at any fixed 
level to produce evident wave-cut cliffs in rock, such as are bold and strik- 
ing along the shores of the present Seneca and Cayuga lakes. One minor 
reason for that failure is that at the higher levels the valley walls are 
less steep and less effective to wave action. 

It is doubtful if any line of wave work can be traced unbroken or con- 
tinuously for many miles. However, this does not contradict or disprove 
the existence of the lake. Failure of distinct beach phenomena is not 
infrequent through considerable distances along shore lines that display 
conspicuous record in other stretches. One or a few positive records 
should overbalance much negative result. Lack of evidence of standing 
water through a limited distance is never conclusive. 

The existence of a surface plane of standing water implies a correlating 
outlet somewhere that controlled the lake level. The only overflow out- 
let, or pass, in the Seneca Valley is at the head, the Pine Valley-Horse- 
heads-Elmira channel, which was shaped by the flood of water through 
Lake Newberry. All the lakes of lower level had their outlets far east or 
west, as described above. 
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An important fact to be used in tracing lake records is the postglacial 
land uplift. In a tilting rise this has given the lake planes, which origi- 
nally were horizontal, an upward slant to the north of about two feet per 
mile. This element is important in the correlation of lake features in 
far-separated localities. 

It is possible that the land uplift may be slightly less for the later 
water planes, Dana and Warren, than for the earliest, Elmira and Wat- 
kins. Study should be given this interesting problem. 

Some difference in elevation of shore features along a single shore line, 
or unit water level, is not unexpected. Variations, up and down, of a 
few feet is the natural condition, the result of interaction of several physi- 
cal factors. Wave-built embankments, or bars, will have variation in 
height and mass, because of varying exposure to winds and the force of 
waves, and the kind and quantity of detritus. Another element is the 
grade, or steepness, of the land slope beneath the water surface. Con- 
spicuous bars will not occur on steep slopes, because the detritus is swept 
down to lower levels by the resurge of the waves and the shore currents. 

Delta terraces have much variation in relation to the lake surface. 
Storm floods may pile coarse detritus above the normal water surface; 
a stream with scanty supply of coarse material may build only a sub- 
merged terrace. Along ravines that carry a series of benches it may be 
found that the terraces are discordant in level on the two sides of the 
ravine.*® 

The surface levels of lakes change with seasonal and yearly variation 
in the meteorologic factors, precipitation, evaporation, snow melting, and 
the inflow of drainage. The level of Lake Ontario, for example, ranges 
through several feet. Probably, glacial lakes were subject to similar 
changes. 

The only essential instruments for this study of the ancient lakes are 
a pocket level and a low-reading aneroid barometer. Topographic sheets 
are indispensable, and, fortunately, all of New York State is mapped, in 
standard sheets. These excellent maps, with precise elevations and con- 
tour interval of twenty feet, greatly simplify the study of the glacial lake 
history.*® 


%H. L. Fairchild: Glacial lakes of western New York, Geol. Soc. Am., Bull., vol. 6 
(1895) p. 372, 373. 

®H. L. Fairchild: Cayuga Valley lake history, Geol. Soc. Am., Bull., vol. 45 (1934) 
Pp. 241-246. 
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INTRODUCTION 


In 1925 the writer attempted to define the limits of the Cretaceous 
system in Texas and to correlate some of its principal horizons with 
correspondingly important levels in other parts of the world. 

Conclusions concerning the upper limit were as follows: The Escondido 
and the upper Navarro were paralleled with the Maestrichtian, and the 
lower Midway, at least, was assigned to the Danian. In making this corre- 
lation it was admitted that the Danian might be Tertiary rather than 
Cretaceous in age, as so many European geologists had argued. The 
correlation of the Midway with the Danian was frankly most unorthodox, 
but reasons advanced supporting it seemed, if not absolutely convincing, 
at least sufficiently strong to merit serious consideration. In establishing 
parallelism between the Navarro and the Maestrichtian, and the Midway 
and the Danian it was, of course, necessary to question the idea of a long- 
time gap and erosional interval supposed to exist between the Navarro 
and the Midway; for the Danian is the stage immediately following the 
Maestrichtian. Such a stratigraphic break between the Navarro and the 
Midway had for years been generally admitted, and had been emphasized 
by many geologists. It was clearly stated that although a hiatus appar- 
ently existed between the Navarro and the Midway, evidence was, in the 
writer’s opinion, lacking to show that the time involved was of any great 
duration. 

The paper in question, written in French, did not appear until late 
in 1926. Meanwhile, in August of the same year a résumé of the con- 
clusions reached was published.? 

The résumé was criticized by Julia A. Gardner,’® who objected to the 
correlation of the Midway with the Danian. 

In time the original paper appeared and was reviewed by T. W. Stanton.* 
He dismissed the Midway correlation with a reference to Dr. Gardner’s 
paper and the statement that she had already conclusively shown that 
the Midway correlation could not be accepted. He further questioned 
the advisability of throwing the Midway nautiloid Enclimatoceras ulrichi 
White into synonomy with Hercoglossa danica Schlotheim of the Danian, 


1Gayle Scott: Ltudes stratigraphiques et paléontologiques sur les terrains erétacés 
du Texas, Univ. Grenoble, thesis (1926) p. 114. 

2 Gayle Scott : On a new correlation of the Texas Cretaceous, Amer. Jour. Sci., 5th ser., 
vol. 12 (1926) p. 157-161. 

% Julia A. Gardner: On Scott’s new correlation of the Midway, Amer. Jour. Sci., 5th ser., 
vol. 12 (1926) p. 453-455. 

*T. W. Stanton: The Cretaceous of Texas, Amer. Jour. Sci., 5th ser., vol. 13 (1927) 
p. 517-522. 
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and was distressed for fear equally unscientific methods had been used 
to establish other correlations.° 

Stephenson,® likewise, took issue with the statements of the writer con- 
cerning the time importance of the Cretaceous-Midway unconformity. 

Seven years have passed. The idea has continued to intrude itself into 
subsequent discussion of Cretaceous and Tertiary stratigraphy and pale- 
ontology of Texas. Gardner’ again approached the subject in 1931, and 
compared the Midway fauna with the lower Tertiary faunas of various 
regions around the old Tethyan Sea and elsewhere. Her paper concluded 
with the statement that “the existence of marine deposits of Danian age 
in either of the Americas has not been established.” 

All the papers published in the last few years that have considered 
the Navarro (or its equivalent) -Midway contact have held to the orthodox 
views. 

The essential elements of the Midway fauna are well known. Most of 
the large fossils were figured and described years ago by Gabb, White, 
Harris, and others. Harris,* in his work on the Midway stage, summed 
up the findings of earlier authors, described beds of Midway age over a 
wide area, and made known a long list of new species. Naturally, in the 
light of new knowledge, some of these now need both generic and specific 
revision. More recently, considerable numbers of previously overlooked 
large fossils have been collected and described, and the Foraminifera of 
the Texas Midway have been monographed by Helen Jeanne Plummer. 
A rich literature ® exists dealing with beds of Midway age throughout 
the Gulf Coastal plain of North America. The writer would mention 


5 It is with a great deal of satisfaction that the writer has seen most of the correlations 
which he proposed in 1925 thoroughly supported, or modified but slightly, by Burckhardt, 
a student for more than 25 years of the Cretaceous strata of Mexico, and an authority 
on the Mesozoic in the western hemisphere. Carlos Burckhardt: Etude synthétique sur 
le Mésozoique Mezicain, Mém., Soc. Paléont. Suisse, vol. IL-L (1930). 

6L. W. Stephenson: Notes on the stratigraphy of the Upper Cretaceous formations 
of Texas and Arkansas, Amer. Assoc. Petrol. Geol., Bull., vol. 11 (1927) p. 15. 

7Julia A. Gardner: Relation of certain foreign faunas to the Midway fauna of Tezas, 
Amer. Assoc. Petrol. Geol., Bull., vol. 15 (1931) p. 149. 

8G. D. Harris: The Midway stage, Bull. Amer. Pal., vol. 1, no. 4 (1896). 

°T, W. Vaughan: The Eocene and Lower Oligocene coral faunas of the United States, 
with descriptions of a few doubtfully Cretaceous species, U. S. Geol. Surv., Mon. 39 
(1900). 

Julia A. Gardner: New species of Moll from the Eocene deposits of southwestern 
Texas, U. S. Geol. Surv., Prof. Pap. 181 (1923). 

Julia A. Gardner: A new Midway Brachiopod, Butler Salt Dome, Texras, Amer. Jour. 
Sci., 5th ser., vol. 10 (1925) p. 134-138, 1 pl. 

Mary J. Rathbun: Two new crabs from the Eocene of Texas, U. S. Nat. Mus., Pr., 
vol. 73 (1928) p. 1-6, pls. 1-3. 

Helen Jeanne Plummer: Foraminifera of the Midway formation in Texas, Univ. Tex., 
Bull. 2644 (1926). 
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especially works by Deussen,’® Dumble," and Trowbridge,’? but there 
are many others, some of which are referred to in this paper. Meanwhile, 
the strata involved have been carefully studied in Texas, and in many 
cases have been mapped in detail by geologists who have worked in the 
region during the last few years. Quite recently F. B. Plummer ** has 
synthesized the knowledge of the Texas strata referred to the Tertiary, 
and has raised the Midway to the rank of a group with two formations 
(Kincaid and Wills Point). Finally, the rocks of Upper Cretaceous and 
lower Tertiary ages of Europe, and of many other trans-Atlantic and 
other areas, have been carefully described and their faunas profusely 
illustrated. 

It ought to be possible with the data at hand to determine with a fair 
degree of accuracy the age of the Midway beds in terms of the sections, 
in those regions where sedimentation is admittedly without break. If 
the Midway is not Danian, then what is it? If there is a long time interval 
between the beds of Navarro age and the Midway, how long is it? It is 
difficult to see how Gardner can say that “The Midway is filled with 
quicksands of disputable problems but the base, at least, now rests on 
solid ground . . .”,‘* when she cannot say to what level this base 
corresponds in terms of any standard section. 

The writer has been chided for not answering the criticisms of Gardner 
and of Stanton, but he has thought it best to await the appearance of a 
monograph on the Texas Midway which Gardner has long had in prepa- 
ration. This paper is now finished and she has generously sent the writer 
a copy of the manuscript and he at last feels free to approach again the 
pressing problem of Midway correlation. 


THE PROBLEM 
GENERAL STATEMENT 


It is the purpose of this study (1) to determine the exact level of the 
Midway group, in terms of some section where sedimentation is admittedly 
complete from strata that are certainly Cretaceous in age to strata that 
are as young as, or younger than, the Midway; (2) to establish, as nearly 
as possible, the extent of the hiatus which all admit exists between the 


10 Alexander Deussen: Geology of the Coastal Plain of Texas west of the Brazos River, 

U. S. Geol. Surv., Prof. Pap. 126 (1924). 
Alexander Deussen: Geology and underground waters of the southeastern part of 

the Texas Coastal Plain, U. S. Geol. Surv., W. S. Pap. 335 (1914). 

EE. T. Dumble: The geology of East Texas, Univ. Tex., Bull. 1869 (1918). 

122A. C. Trowbridge: Tertiary and Quaternary geology of the lower Rio Grande region, 
Texas, U. S. Geol. Surv., Bull. 837 (1932). 

133 F, B. Plummer: In the geology of Texas, Univ. Tex., Bull. 8232 (1932) p. 531-570. 

1% Julia A. Gardner: On Scott’s new correlation of the Midway, Amer. Jour. Sci., 


vol. 12 (1926) p. 455. 
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strata of Navarro age and those of Midway age; and (3) to determine 
whether the Midway is more logically placed with the Cretaceous or 
with the Tertiary. 

In order to establish the exact position of the Midway in the geologic 
column, it is proposed to select a classification as reliable as possible and 
to determine the exact level in that classification to which the Midway 
corresponds. Of the standard classifications proposed, that of Haug ** 
seems most up-to-date, and most convenient for use here. Possibly there 
are others as good, but the writer is less familiar with them. No 
American scheme seems satisfactory, because there is none based on an 
admittedly complete series of marine sediments. In all the Western 
Hemisphere the Danian stage is supposed to be lacking between the 
Cretaceous and the Tertiary—a thing, which, in itself, if true, is most 
curious, when throughout the Eastern Hemisphere the Danian is so well 
represented. For the sake of clarity, Haug’s scheme is reproduced here 
in sufficient fullness to embrace the beds under consideration : 


Bartonian 
Meso-Nummulitic......... Auversian 
(Eocene) Lutetian 
Londinian 
Eo-Nummulitic..........: Thanetian 
(Paleocene) Montian 
Danian 
Maestrichtian 
Santonian 
Coniacian 


Haug recognizes the Paleocene as a subsystem (series) separate from, 
and below, the Eocene. This is not a universally accepted division of the 
lower Tertiary, but for the purposes at hand makes no difference, as the 
stages are the same. Also, he includes the Danian in the Cretaceous 
rather than in the Tertiary. This is now a generally, but not universally, 
accepted assignment. 

If it is possible to determine in the complete section the exact level to 
which the base of the Midway corresponds, and the exact level to which 
the highest Navarro beds belong, the extent of the hiatus between the 
two becomes apparent. 


1% Emil Haug: Traité de géologie, Paris 3rd edition (1921) p. 1163, 1417. 
LXXII—Buwtt. Grou. Soc. AM., Vou. 45, 1934 
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In this connection, it may be well to consider the ideas that have pre- 
vailed concerning this so-called stratigraphic break and the reasons ad- 
vanced to support them. These ideas have been summed up by Stephen- 
son ** in his paper on the Cretaceous-Eocene contact in the coastal plains 
regions. The first paragraph reads as follows: 


The Cretaceous deposits of the Atlantic and Gulf Coastal Plain are 
separated from the overlying Eocene and younger formations by an un- 
conformity of regional extent. Several authors, including Harris, Dall, 
Vaughan, and Hill and Vaughan, have briefly described this uncon- 
formity and have stated some of the important facts in regard to the 
differences exhibited by the faunas on the two sides of the contact. The 
magnitude of these differences, however, has not been sufficiently ap- 
preciated by geologists, notwithstanding the published statements of 
the authors cited. . . 


The first paragraph on page 159 reads as follows: 


T. W. Vaughan, who has a wide acquaintance with the Tertiary and 
Quaternary faunas of the eastern United States, is authority for the 
almost startling statement that “the changes that took place in the 
marine animal life of the Atlantic and Gulf Coastal Plain during the 
time represented by the unconformity separating the Cretaceous and 
Eocene of this area are more striking than the changes that have taken 
place between earliest Midway time and the present day, for no great 
orders comparable to the Ammonoidea that lived during the Midway 
time have become extinct.” .. . 


Continuing he writes: 


The evidence afforded by the Cretaceous and Eocene floras is in sub- 
stantial agreement with that supplied by the invertebrates. The follow- 
ing is quoted from a letter received from Mr. E. W. Berry, of Johns 
Hopkins University: “With regard to the Upper Cretaceous and Eocene 
flora of the eastern Gulf region, their differences are profound, and I 
believe the unconformity at the base of the Midway represents a very 
long interval. The last extensive Cretaceous floras in the Gulf region are, 
of course, a good way from the end of the Cretaceous, but they are totally 
different from the plants collected near Earle,” Texas, in beds believed 
to belong to the Midway formation. Even when comparisons are made 
between these Midway (7?) plants and the Wilcox flora of the Gulf and 
the late Cretaceous of the Rocky Mountain province, the contrast is just 
as marked, unless you are prepared to call the Denver formation Cre- 
taceous. There are 4 number of Denver plants in the Gulf Eocene, but 
I do not recall a single Laramie plant.” 


16 J,, W. Stephenson: The Cretaceous-Eocene contact in the Atlantic and Gulf Coastal 
Plain, U. 8. Geol. Surv., Prof. Pap. 90-J (1915). 

17 These plants are now considered Wilcox in age. O. M. Ball: A contribution to the 
paleontology of the Eocene of Texas, A. & M. College of Tex., Bull., 4th ser., vol. 2, no. 5 
(1931) p. 12. 
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Gardner,’* in her 1926 paper, referring to the above-cited work by 
Stephenson, stated that “subsequent investigations, stimulated in part 
by the economic interests involved, have revealed a contact traceable, with 
only a few major interruptions such as the Sabine River bottom lands, 
from the Arkansas line to the Rio Grande. From Texarkana to Bexar 
County this contact is usually marked by greensand, often with reworked 
and phosphatized casts of Cretaceous species, a generally accepted criterion 
of a continued erosional interval.” 

It is clear from these statements that three ideas concerning the contact 
have been generally accepted : 

1. There is a stratigraphic break between beds of Navarro age and the 
Midway wherever the contact has been observed in the Atlantic and Gulf 
Coastal Plain. 

2. The hiatus represents a long period of geologic time. 

3. The strata of Midway age above the contact are Tertiary and not 
Cretaceous. 

That there is certainly, in many places, a stratigraphic break, or at 
least a transgression, or diastem, at the level in question, can scarcely 
be disputed, for the physical evidences are unquestionably present at many 
localities. 

The idea that the hiatus represents a long period of time is not so 
easily maintained. (The term “long” is unsatisfactory and can scarcely 
mean the same thing to any two individuals.) Greensand, phosphatized 
and pebbly strata are found at many levels in the Upper Cretaceous, and 
even in the middle of the Midway. No known fossil zones appear to be 
left out at many of these levels, and it must be assumed that they often 
indicate slight stratigraphic breaks. As to the great change in fauna, 
even if it is as great as has been supposed, this would, by no means, con- 
stitute proof of an extended lapse of geologic time. It seems entirely 
reasonable to suppose that migrations of faunas are important factors to 
be considered. Instances of complete changes in fauna in succeeding 
geologic formations where only slight stratigraphic breaks occur are 
numerous. It is reasonably certain that these stratigraphic breaks are 
slight, because they have been measured in terms of fossil zones of a given 
epoch. It is obviously an error to assume that the fauna of a given bed 
is necessarily derived from the fauna of the next underlying stratum, even 
though the two groups are conformable. 

In any case, none of the investigators has attempted to say how long 
the time was, or what strata are missing. Stephenson’s statement *® 


18 Julia A. Gardner: On Scott’s new correlation of the Texas Midway, Amer. Jour. Sci., 
vol. 12 (1926) p. 454. 
LL, W. Stephenson : op. cit., p. 159. 
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that—“the shore line retreated far to the east and south, probably a con- 
siderable distance beyond the present shore line and perhaps nearly to 
the edge of the continental shelf” cannot, at present, be proved or dis- 
proved. If true, it would be of little use in determining the actual length 
of time represented by the hiatus. His contention that “the changes that 
took place in the marine animal life of the Atlantic and Gulf Coastal 
Plain during the time represented by the unconformity separating the 
Cretaceous and Eocene [that is the Navarro and Midway] of this area 
are more striking than the changes that have taken place between earliest 
Midway time and the present day,” is equally indefinite. The continua- 
tion of the above quoted sentence, “for no great orders comparable to the 
Ammonoidea that lived during Midway time have become extinct,” is 
misleading. Ammonoids have never been found above the level of the 
Maestrichtian (Navarro), hence, their absence from the Midway of Texas 
is of no more significance as indicating a long-time interval than their 
absence in the Danian of the eastern hemisphere. 

The reasons advanced to show that the lapse of time represented by the 
hiatus was long may be summarized under the following points: 


PHYSICAL EVIDENCES 


1. The contact is traceable from New Jersey to the Rio Grande except 
where the Midway is concealed by overlap. 

2. The contact is sharp, easily traced, and, although almost horizontal 
or broadly uneven, presents numerous minor irregularities. 

3. The conglomeratic material at the base of the Midway, although 
relatively thin (usually a few inches to a few feet thick), consists of coarse 
sand or small pebbles with an intermixture of rolled fragments from the 
underlying beds, phosphate nodules, phosphatized and reworked fossils 
from the lower strata. 


FAUNAL AND FLORAL EVIDENCES 


4, Of the 168 or more species of Mollusca existing in the zone of Ezo- 
gyra costata in the Navarro, not a single species has been found to exist 
with certainty in the Midway.” 

5. These species represent 89 or more genera. At least 20 of the more 
common of these genera and one entire order, the Ammonoidea, became 


2 In her recent work (seen in manuscript) Gardner finds that Ostrea vomer is common 
to the Navarro and the Midway. 

A. C. Trowbridge [Tertiary and Quaternary geology of the lower Rio Grande region, 
Texas, U. S. Geol. Surv., Bull. 837 (1932) p. 29] states that “Not a single species is 
common to the faunas below and above the break.” Trowbridge must have had in mind 
the Mollusca, because many species of Foraminifera and Ostracoda are common to the 
two groups of strata. 
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extinct before the Midway began to be deposited. This change of fauna 
is supposed to be equally great in other taxonomic groups. 

6. At least seven genera which make their appearance in the Midway 
are not found in the beds below. 

%. According to the statements of E. W. Berry, the evidence afforded 
by the flora is in agreement with that furnished by the fauna. 

These seven points sum up the arguments that have been advanced to 
show that the lapse of time at the Navarro-Midway contact was long. It 
is at once clear that none of them gives any indication of how long the 
time was or what strata are missing at the contact. 


EARLY ATTEMPTS AT CORRELATION OF THE MIDWAY 


A good summary of the earlier attempts at correlation is given by 
Harris ** in his now classic work, published in 1896. A few earlier work- 
ers referred beds of Midway age to the Cretaceous. White,”* the last 
to do so, described fossils of Midway age from near Little Rock, Arkansas, 
and pronounced them Cretaceous. Every geologist to describe material 
from the Midway since that time has placed these beds in the Tertiary. 
The work of Harris in resolving the correlation of all beds of Midway age 
throughout the Gulf Coastal Plain is monumental. He is also given 
credit for having demonstrated their Tertiary age. The method by which 
he arrived at this conclusion, however, is a circuitous one, and is not con- 
vincing when studied in the light of present day knowledge. Neither 
Harris nor any of his successors has attempted to fit the Midway into a 
standard section, taken in regions where marine sedimentation is complete 
and well worked out. It is clear that one has here to apply that first prin- 
ciple of stratigraphy on a large scale in order to arrive at a valid conclu- 
sion concerning the correct age of these beds. 

Some students have expressed doubt that there exists at any place an 
unbroken marine sequence from Cretaceous to Tertiary. Thus, Davies ** 
makes the statement that “It is doubtful if there is known anywhere a 
conformable upward passage in beds of marine facies from the latest 


Cretaceous (Danian) to earliest Tertiary (Paleocene) .” 
Pr., vol. 40, pt. 4 (1925) p. 309. 


CRITERIA CONSIDERED IMPORTANT IN CORRELATION 


In attempting a problem of extensive correlation, such as the one at 
hand, it is important to analyze carefully the relative values of the criteria 


21G. D. Harris: The Midway stage, Bull. Amer. Pal., vol. 1, no. 4 (1896). 
2C. A. White: On Mesozoic fossils, U. S. Geol. Surv., Bull. 4 (1884). 
23 A, Morley Davies: Faunal migrations since the Cretaceous period, Geologists’ Assoc., 
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available. The simple method of correlation by literally continuous 
tracing of the beds or by detailed mapping is, of course, not applicable 
in the present case. In assigning the Midway group to any of the levels 
in Haug’s scheme of classification, listed on a previous page, and in deter- 
mining the stratigraphic affinities of the strata, the following groups of 
criteria should be considered: (1) Lithologic, (2) stratigraphic and 
diastrophic, and (3) faunal and floral. 

Obviously, not all these are of equal importance. Thus, the lithologic 
criteria are of little, or no, value in actual extensive correlation, such as 
is proposed here. These criteria, however, may have a certain significance 
when it comes to determining whether the Midway is more closely allied 
to the Cretaceous or to the Tertiary. 

For purely correlative purposes the fauna and flora are of fundamental 
and primary importance. Stratigraphic and diastrophic criteria, how- 
ever, have their place, and will not be overlooked in the problem. 

For purposes of arriving at a valid conclusion as to whether the Midway 
group is Cretaceous or Tertiary, stratigraphic and diastrophic criteria 
at once assume a tremendous importance, for it is on the basis of dias- 
trophism that geologic classifications are made. In this day of much 
theorizing on the subject of faunal breaks, this writer wishes to emphasize 
what everyone knows, that faunal breaks do not necessarily establish 
the existence of diastrophic movement. Faunal breaks may suggest 
diastrophism, but they do not establish it. Changes of waterways, con- 
ditions of sedimentation, migrations of faunas, and other ecological fac- 
tors, many of which are poorly understood, or even unknown, have to be 
considered. That there is a certain agreement in the diastrophic move- 
ments of a given time, and a consequent similarity of stratigraphic suc- 
cession in strata of the same age in widely separated parts of the earth 
scarcely admits of any doubt today. These features, the writer believes, 
should be taken into account in any problem of correlation of the magni- 
tude of the one here undertaken. 


LITHOLOGIC CRITERIA 


Many writers have called attention to the fact that the Midway lithology 
is so similar to that of the Navarro, as well as to that of other underlying 
Cretaceous beds, that the two groups of strata are separated with diffi- 
culty. Fortunately, economic interests have made available lithologic 
and other criteria which may be used in distinguishing the two groups 
of strata and in making detailed maps of the contact. Clays, shales, and 
sandy shales, composing at least ninety percent of the Midway in the 
greater area of Texas, are strikingly like those of the Navarro, and the 
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derived black soils of the two groups are practically indistinguishable. 
Lithologic features of a more detailed character still further accentuate 
the similarities. The thin glauconite and phosphate nodule beds of the 
Midway are like innumerable similar beds in the underlying Cretaceous 
formations. 

Above the Midway, on the other hand, occur strata, hundreds of feet 
thick, composed mostly of sands and sandy clays, often highly colored, and 
almost entirely non-marine in origin. 

From a purely lithologic point of view the Midway is more closely re- 
lated to the Cretaceous than to the Tertiary. It has been argued that the 
Midway lithology is similar to that of the Navarro because the Midway 
deposits were derived from the Navarro. Aside from the two nodule 
beds (one at the base and the other in the lower middle) and perhaps 
a few reworked tests of Navarro Foraminifera at various levels in the 
Midway, there is no evidence to support this supposition. Moreover, 
rivers do not usually extensively erode low coastal areas such as bordered 
the Midway sea. Such areas are more likely to accumulate some of the 
sediments from the rivers. 


STRATIGRAPHIC AND DIASTROPHIC CRITERIA 


GENERAL STATEMENT 


Obviously, it is neither possible nor desirable to discuss in detail the 
character of the Midway beds, and the enclosing beds, in every area in 
which they are exposed. It is generally admitted, however, that the 
beds of that name in Texas are essentially the same age as those of the 
type section in Alabama, also that their lithology, faunal succession, and 
stratigraphic relationships are, with minor variations, identical. General 
conclusions, reached after careful study of the beds and their faunas in 
Texas, will probably hold for other areas of exposure. 

As the Midway strata have often been described, it is necessary to do 
little more than refer to the literature. In Texas the group is from 500 
to 600 feet thick. It consists, in the main, of clays and sandy clays, but 
contains limestones, sands, and glauconite sands. H. J. Plummer * 
showed that the Midway strata are faunally and stratigraphically divisible 
into two formations. The lower division is from 75 feet to 125 feet 
thick, and the upper one is about 500 feet thick. F. B. Plummer” has 
gone a step farther, and on the basis of earlier work and the unpublished 
findings of Gardner, supplemented by his own observations, has raised 


2H. J. Plummer: Foraminifera of the Midway formation in Texas, Univ. Tex., 


Bull. 2644 (1926). 
2% FF, B. Plummer: The geology of Texas, Univ. Texas, Bull. 8232 (1932) p. 531-570. 
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the Midway to the rank of a group with two formations. He used Gard- 
ner’s names—Kincaid for the lower formation and Wills Point for the 
upper. This two-fold division of the Midway is an important criterion 
of its stratigraphic relationships, and will be referred to again. 


NAVARRO GROUP AND EQUIVALENT STRATA 


Below the Midway, across most of Texas, are beds of marine clay, form- 
ing the upper 400 to 500 feet of the Navarro group. In southwest Texas 
these strata are given the name, Escondido. Various ideas have prevailed 
concerning the age of the Escondido, but it is now known that it is the 
approximate age-equivalent of the Navarro, although it is possible that top- 
most Escondido may be a little younger than topmost Navarro. East of the 
Mississippi the Ripley beds, at least in part, occupy a similar stratigraphic 
level. 

It is generally admitted that the Navarro, from approximately the 
Nacatoch beds up (a thickness of at least 500 feet) is Maestrichtian. 
Ammonites, baculites and Inocerami occur throughout the Navarro clays, 
and Belemnitella has been found in them. These fossils have not been 
reported from beds above the Maestrichtian. It is certain, therefore, 
that none of the Navarro can be younger than that stage. Such ammo- 
nites as Sphenodiscus pleurisepta (Conrad), Sphenodiscus stantont Hyatt, 
and related species, are close to 8. binckhorsti (Bohm) and 8. whaghsi De 
Grossouvre of the upper Maestrichtian of Europe. The topmost zone 
of the Maestrichtian, that of Indoceras baluchistanense Noetling,”* how- 
ever, appears to be missing in Texas, for no comparable zone has yet been 
found in the upper Navarro and the Escondido. In any case, the top of 
the Navarro must certainly lie within the limits of the upper Maestrich- 
tian. Other fossils bear out this conclusion, but as this correlation is 
generally accepted it is unnecessary to discuss further the age of the 
Navarro. It is sufficient to say that the top of the Navarro corresponds 
approximately to the upper part of the Maestrichtian. The lower level, 
from which the extent of the stratigraphic break between the Navarro 
and the Midway may be measured, can, therefore, be regarded as estab- 
lished, within relatively narrow limits. 


MIDWAY GROUP 
Kincaid formation 


Above the Navarro, and forming the base of the Midway, is a thin 
layer of yellow, green, or brown sand, rich in glauconite and often con- 
taining pebbles, phosphate nodules, and reworked and phosphatized fos- 


26 See recent zonation by L. F. Spath: New Ammonites from the English chalk, Geol. 
Mag., vol. 63 (1926) p. 77-83. 
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sils derived from the Navarro. In places the bed is largely a glauconitic, 
calcareous, fossiliferous shale. The thickness is a few inches to a few 
feet. This basal bed of the Midway group, and of the Kincaid formation, 
has been named the Littig member by Plummer.”’ 

From this bed near Lone Oak, Hopkins County,?* where it is espe- 
cially well developed, the writer collected two reworked phosphatized 
specimens of Scaphites conradi (Morton). Here, and elsewhere in the 
same member, he has collected reworked specimens of Exogyra, many non- 
identifiable specimens of Baculites, and other fossils, many of which must 
have been washed in from levels well down in the Navarro. 

The Littig bed is actually exposed in relatively few places in Texas, 
but its presence everywhere is suggested by these few exposures, and its 
approximate position is usually indicated by the underlying and overlying 
faunal zones. The Lone Oak locality is the best exposure that the writer 
has seen, and it is of special importance because considerable thicknesses 
of strata above and below the Littig member are well shown. A careful 
examination of the beds which crop out here will leave the stratigrapher 
in doubt that ar unconformity exists. True, there are some coarse sand 
and even pebbles, considerable phosphate in the glauconitic sands and clays 
a few feet thick, and reworked Navarro fossils. These pebbles, phosphate 
nodules, and reworked fossils are not segregated in any definite layer, and 
there is no evidence of channeling. These features suggest transitional 
deposits, laid down near the shore of a shallow sea, into which consider- 
able detrital material was washed. As will be pointed out below, a 
peculiar mixture of Navarro and Midway fossils is found in the strata. 
At other localities unquestionably a hiatus, or at least a transgression, 
is indicated at this level. 

In the study of samples from a number of wells in Louisiana, Howe *® 
and his associates were unable to detect a break in sedimentation between 
the Midway and the Navarro. 

Undoubtedly, there was emergence of the land and consequent hiatus 
in the stratigraphic succession at the end of the Navarro, along the line 
of outcrop at many places. The duration of this period of emergence 
and the length of the consequent hiatus, as well as the magnitude and the 
significance of the faunal change, must be considered. 

Above the Littig member in the Mexia district and elsewhere, accord- 


27F, B. Plummer: The geology of Texas, Univ. Texas, Bull. 3232 (1932) p. 536. 

®% See Station No. 61, Univ. Texas, Bull. 2907 (1929) p. 46. 

2H. V. Howe: The Arkadelphia formation; Stratigraphy, La. State Univ., Bull., 
vol. 16, no. 5, pt. 2 (1929) ; Historical Summary, ibid., pt. 1. 
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ing to the generalized stratigraphic data of Plummer,® are dense yellowish 
marine clays which part with conchoidal fracture. These grade upward 
into silty, blue-gray clays, to glauconitic, fine- to medium-grained, fossil- 
iferous quartz sand containing large spherical concretions, or ledges, of 
calcareous rock. This has been called the Pisgah member by F. B. Plum- 
mer. As pointed out by H. J. Plummer, evidently the Pisgah was deposited 
in relatively shallow water. 

At the very top of the Kincaid formation is the Tehuacana limestone 
lentil. At Tehuacana, in the Mexia district, this limestone is sandy and 
massive. It is about 20 feet thick. The coquina-like limestone is 
grayish-white to yellow or brown in color. It is composed of small frag- 
mentary shells and contains abundant oysters and other Pelecypoda, 
Gastropoda, Ostracods, fish teeth, and fish scales. The limestone forms 
the top of a prominent westward-facing escarpment through most of Lime- 
stone and Navarro counties. These limestones appear to be broadly lenti- 
cular, pinching out to the north near the Trinity River, and again to 
the south in the vicinity of the Brazos. To the north of the Trinity 
River, limestones of perhaps slightly earlier age *' again appear, and 
are exposed at isolated localities in Kaufmann, Van Zandt, Rains, and 
Hopkins counties. The limestones are not found in wells that have been 
drilled a few miles down the dip. At many places these beds are ex- 
tremely fossiliferous, as, for example, at a quarry near Ola in Kaufmann 


County. 


Wills Point formation 


The Kincaid formation is overlain by the Wills Point formation of 
Plummer,*? who has divided it into the Mexia, the Wortham, and the 
Kerens members. 

The base of the Kerens member, and, therefore, of the Wills Point 
formation, is marked by the second thin glauconite and phosphate layer 
of the Midway group. According to Plummer, this layer is immediately 
above the horizon of the Tehuacana limestone lentil, but the writer believes 
that some of the limestone overlies the phosphate and the greensand in 
certain localities; specifically, at the Richland limestone quarry, near 
Richland. As will be pointed out, however, the relationship of the beds 
in this locality is open to question. 


*® Helen Jeanne Plummer: Foraminifera of the Midway formation in Tevras, Univ. 


Tex., Bull. 2644 (1926). 
F. B. Plummer: The geology of Texas, Univ. Texas, Bull. 3232 (1932) p. 531-570. 
“2 F, B. Plummer: The geology of Teras, Univ. Tex., Bull. 83232 (1932) p. 539. 


2 F. B. Plummer: op. cit., p. 555. 
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This second greensand and phosphatic layer of the Midway is well 
marked at many localities. Where small streams cut the layer, beds of 
stream gravel may be formed of the phosphate nodules. This condition 
is seen to advantage in the bed of a small stream just northwest of the 
town of Cumby, Hopkins County.** In those areas where the limestone 
does not immediately underlie the greensand and phosphate layer, the 
sand of the upper Kincaid is a less conspicuous feature, and the entire 
formation between the two beds of greensand and phosphate nodules is a 
series of clays and sandy clays through most of the outcrop. In south 
Texas this level is marked by the zone of Venericardia bulla Dall. There 
is an interesting association of phosphate nodules and limestone at the 
Richland limestone quarry. Some of the limestone ledges are impreg- 
nated with phosphate, and the lower face of one ledge is heavily matted 
with a layer of phosphate nodules, and reworked and phosphated fossils. 
At no other place in the Midway has the writer seen this material so 
abundant. When the locality was first visited, in 1927, a single recog- 
nizable, reworked and phosphatized Scaphites conradi Morton, a fragment 
of Sphenodiscus, and many clams and baculites were collected. At the 
time of deposition this material was evidently washed in from the 
Navarro (most of it probably from the Nacatoch beds), which at the 
locality lie 400-600 feet lower. Some limestone is also below the phos- 
phate.** 

Considerable discussion has been given to this second phosphate layer, 
which lies 75-125 feet above the Navarro-Midway contact, because if the 
materials (greensand, phosphate nodules, reworked and phosphatized 
fossils) are indicative of a great erosional interval, as has been claimed, 
there is obviously a hiatus within the very body of the Midway. 

Immediately above the phosphate limestone and the greensand bed just 
described are clays and sandy clays with large concretions. These beds 
reach an aggregate thickness of approximately 500 feet and constitute 
the main part of the Wills Point formation. These beds can best be 
visualized by reference to the generalized section of H. J. Plummer,*® 
and to the data presented by F. B. Plummer.** According to these au- 


83 For accurate location of the locality see H. J. Plummer: Foraminifera of the Midway 
formation in Texas, Univ. Tex., Bull. 2644 (1926) p. 43. 

% Dr. Gardner (manuscript) states that the limestone at Richland quarry lies imme- 
diately on the Navarro and that the remainder of the lower Midway is missing at this 
place. This, it appears, is a more or less general belief, but the evidence advanced in its 
support is debatable. Strata below the limestone at Richland quarry are not exposed. 
Dr. Gardner’s statement would indicate that the hiatus between the Navarro and the 
Midway is greater here than in most places. 

% H. J. Plummer: Foraminifera of the Midway formation in Texas, Univ. Tex., Bull. 
2644 (1926) p. 14. 

% FF, B. Plummer: The geology of Teras, Univ. Tex., Bull. 3232 (1932). 
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thors the clays of the lower part of the Wills Point formation were 
deposited at a time when the Midway sea was at its greatest depth. From 
early Wills Point time until the close of the epoch, that sea gradually 
shallowed until, by the beginning of Wilcox time, emergence became mani- 
fest along almost the entire line of the present outcrop. 


WILCOX GROUP 


The Wills Point formation of the Midway group is overlain by strata 
which have been referred to the Wilcox group. Wilcox strata are pre- 
dominantly non-marine in origin. However, the lower beds, commonly 
referred to as the Seguin member and approximately 50 feet in thickness 
throughout most of Texas, are marine. Apparently, there is no stratig- 
raphic break between the underlying Midway and this member. The 
faunal break, described as occurring at the base of the Sequin, is of an 
order easily explainable in terms of difference in stratigraphic level and 
facies. In other words, following the deposition of the Seguin marine 
clays and sandy clays there was either emergence or complete silting up 
of the shallow basins as a result of delta deposition. Silting, no doubt, 
contributed largely to the withdrawal of the waters from the area now 
occupied by the outcrop of the Wilcox, but an examination of the logs 
of many deep wells drilled throughout the Gulf Coastal Plain in Texas 
indicates that emergence was the dominant factor in this withdrawal. 
All wells that have been drilled to sufficient depth to penetrate the Wilcox 
have encountered thick beds of non-marine strata, even at depths of 6000 
feet. These facts can be explained only in terms of emergence. The 
Seguin beds grade upward into the non-marine Wilcox sands. The emer- 
gence, instead of being accompanied by erosion, was followed by deposi- 
tion of non-marine sediments along the low, flat lands. This condition, 
except in a few areas and at a few levels, such as are exposed at places 
around the Sabine Uplift (Upper Wilcox), in Mississippi, and near San 
Antonio,®** continued until the beginning, or nearly the beginning, of 
Claiborne time.** Great thicknesses of non-marine strata, with only 
occasional intercalations of marine beds, were deposited. In short, there 
is nearly everywhere a lack of marine beds between topmost Midway (or 
lowermost Wilcox) and Claiborne (or uppermost Wilcox). 

Stratigraphic and diastrophic data concerning the Midway and the beds 
immediately below and above may be summarized as follows: 


* G. D. Harris and A. C. Veatch: A preliminary report on the geology of Louisiana, 
La. Geol. Surv., Rept. (1899) p. 67. 
Julia A. Gardner: Fossiliferous marine Wilcox in Texas, Amer. Jour. Sci., 5th ser., 
vol. 7 (1924) p. 141. 
% The lowest bed, about 50 feet thick, of the marine strata usually placed in the 
Claiborne is now classed as topmost Wilcox by Gardner. This classification is also 
followed by F. B. Plummer. 
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1. At the end of Navarro times (uppermost Maestrichtian) there was 
emergence of the land, followed by erosion. 

2. At the beginning of Midway time the sea returned to the area, re- 
working the products of the period of erosion and depositing with them 
sands, greensands, pebbles, and clays to make up the Littig beds, a few 
inches to a few feet thick. 

3. After the deposition of the Littig member the sea deepened some- 
what (although it remained relatively shallow throughout lower Midway 
time) to deposit the Pisgah member of the Kincaid formation. These 
beds consist of clays, sandy clays, some sands, and some limestones, 

4, At the end of Lower Midway (Kincaid) time there was again 
emergence, at least along much of the line of the present outcrop, fol- 
lowed by erosion and by deposition of a second bed of phosphate nodules, 
pebbles, greensand, together with coquina limestone, associated with the 
Tehuacana beds, or immediately above them. This is the zone of Veneri- 
cardia bulla. 

5. At the beginning of Upper Midway (Wills Point) time the sea re- 
turned and deepened, soon reaching the greatest depth attained by it at 
any time during the Midway epoch. Sediments deposited were mostly 
clays and sandy clays with large spherical concretions. 

6. Shortly after attaining maximum depth the Midway sea recom- 
menced to shallow. This tendency continued throughout the remainder 
of upper Midway time and into what has been termed early Wilcox time— 
that is, through the deposition of the Seguin beds—when the result was 
emergence throughout practically the entire Gulf Coastal Plain, along 
the present line of outcrop. 

%. The emerged flat lands were then blanketed with lagunal, brackish 
water and other non-marine beds, without the intervention of any appre- 
ciable amount of erosion. 

This period of emergence continued, with minor interruptions, until 
Claiborne time (or slightly earlier, depending on the interpretation placed 
on the Wilcox-Claiborne contact). 

It is interesting to compare the depositional and erosional events and 
the stratigraphic succession just summarized with similar events and the 
resultant stratigraphic succession of the type Danian deposits of Scan- 
dinavia. The latter are recorded in considerable detail in recent works 
of Ravn *° and of @dum.*® These writers are not in complete agreement 
in their interpretation of some of the details. As @dum’s work is the 


9 J. P. J. Ravn: Molluskerne i Danmarks Kridtaflejringer III. Stratigrafiske under- 
sogelser, Acad. Roy. Sci., Lettres Danemark, Mem., 6me sér., sec. sci., tome II, no. 6 
(1903). (French summary.) ; 

# Hilmar @dum: Studier over Daniet i Jylland Og Paa Fyn, Danmarks Geol. Unders. 
II., Raekke, nr. 45 (1926). (English summary.) 
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more recent, it is taken as the guide here. That author has effectively 
illustrated the sequence of events and resultant stratigraphy in graphic 
form, and his illustration is reproduced here for comparison with a similar 
graph, designed to show the depositional history of the Midway and ad- 


SENONIAN DANIAN SELANDIAN 
B Cc D 
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NAVARRO MIDWAY WILCOX 
A B Cc 
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Figure 1.—Depositional history of the type Danian of Denmark and the Midway of Texas 


I.—Reproduction of @dum’s sketch: (A) coccolith chalk, (B) bryozoan chalk, (C) coral 
limestone, (D) limestone, sand, coccolith chalk, ete. 11.—Sketch drawn by the writer: 
(A) Lower Midway, (B) Upper Midway, (C) Seguin beds, originally considered a part 
of the Midway, but now placed in the Wilcox. The scale of thickness is, of course, 
unimportant, and is not taken into consideration except to show the relative thicknesses 
in each area. 


jacent beds. It is important to note the hiatus and transgression at the 
Maestrichtian-Danian contact in Scandinavia, and a short period of 
emergence at the end of the lower Danian, after which the sea again re- 
turned to deposit the upper Danian. Soon after this transgression the 
Danian sea reached its greatest depth, and then began to shallow. This 
shallowing continued throughout the remainder of the upper Danian, 
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resulting in emergence at the end of the epoch. These conditions are 
almost exactly recapitulated in the Texas Midway group, as the graphs 
show. 

The same general conditions of deposition were noted by Kuhn ** in 
strata near Vienna, referred by him to the Danian. 

Perhaps one of the most interesting series of Upper Cretaceous and 
lower Tertiary sections known is found in the Pyrenees of France and 
Spain. The work of Leymerie, Seunes, Douvillé, de Grossouvre, and 
others has been summed up by Haug.*? Here, in the fosse aturienne, 
near Tercis, sedimentation was continuous from far down in the Creta- 
ceous to well up in the Tertiary. Toward the east, in the Little Pyrenees, 
the sea was shallower, and a record of neritic sedimentation not unlike - 
that of the type Danian is to be found in a number of localities. Still 
farther to the east and south in Spain, the equivalent strata, including 
also some Maestrichtian and some early Eocene beds, grade laterally into 
brackish-water, lagunal and continental deposits of the Garumnian. Near 
Isona in Barcelona, and in Gerona, a stratum of marine Danian is inter- 
calated in these non-marine beds. The most recent rudistids yet known 
are reported to have been found in this stratum.** 

Throughout northern Africa the Danian is remarkably developed and 
often thick, but the stratigraphy has not been worked out in sufficient 
detail for the comparison sought here. 

Another interesting area of Upper Cretaceous and lower Tertiary 
strata is that of the Sind and Baluchistan. Here, the Danian grades 
downward into the Maestrichtian and is overlain by the Deccan trap. 
Clearly, the Danian of this area was deposited in a sea of a somewhat 
greater depth than that of the type Danian; or at least the deposits were 
less affected by periodic retreats and advances of the sea during the epoch. 
In the region of Trichinopoli, in southern India, the Danian lies directly 
upon the Maestrichtian and is not overlain by marine beds. 

The various comparisons just made are somewhat indefinite criteria 
for exact correlation, but the similarity of the sequence of events in the 
depositional history of the Texas Midway to that of the Danian in many 
regions, particularly in the type area, is striking. 

It is now appropriate to examine these stratigraphic and diastrophic 
data with a view to determining the affinities of the Midway on the 
basis they afford. 


41 Othmar Kuhn: Das Danien der ausseren Klippenzone bei Wien, Geol. Pal. Abh., n. s., 
vol. 17, pt. 5 (1930) p. 495-576. 

« fmil Haug: Traité de Géologie, Paris (1921) p. 1408. 

43M. Vidal: Sur le Crétacé supérieur de la Vallée de la Munga (Province de Gerona), 
Soc. Géol. France, Bull., 3me sér., tome 26 (1898) p. 859-863. 
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Emergence at the end of Midway deposition (including the Seguin) 
extended throughout the Gulf Coastal Plain along the line of outcrop, 
and marked the final retreat of the seas from that great area over which 
the now outcropping Cretaceous rocks were deposited. All available evi- 
dence indicates that the sea never at any subsequent time approached 
the extent it attained in Midway time. The Midway, practically every- 
where, is overlain by thick, non-marine Wilcox deposits, in which, how- 
ever, there are a few marine intercalations. The next marine sediments 
of importance above the Midway are the Claiborne strata, found far 
coastward and believed to be of approximately Auversian age.** There- 
fore, throughout practically the entire Gulf Coastal Plain of North Amer- 
ica, there is complete, or almost complete, lack of marine sediments from 
the Midway up to strata of Auversian age (regions of marine intercalations 
in the Wilcox). 

How far the sea withdrew during the interim represented by the non- 
marine Wilcox deposits, cannot now be determined, but the distance must 
have been considerable, for in wells reaching the Midway (and there 
are considerable numbers of deep ones) the drill has passed through 
great thicknesses of the non-marine Wilcox deposits. Marine intercala- 
tions in that group become more numerous from the outcrop down the 
dip. The writer believes that the interruption of marine sedimentation 
following the Midway is incomparably longer than the brief interruption 
during the emergence that immediately preceded the Midway epoch. 

From the facts of stratigraphy and diastrophism just enumerated, it 
appears certain that the Midway is much more closely related to the Creta- 
ceous than to the Tertiary. 


FAUNAL AND FLORAL CRITERIA 
CLASSIFICATION 
For convenience of study the fauna and the flora of the Midway are 
discussed in the following order: 
(1) Foraminifera, (2) Corals, (3) Brachiopoda, (4) Bryozoa, (5) 
Echinodermata, (6) Mollusca—Pelecypoda, Gastropoda, and Cepha- 
lopoda, (7) Crustacea (including Ostracoda), (8) Vertebrata, and (9) 


Flora. 
FORAMINIFERA 


The Midway group is rich in Foraminifera, the species, as previously 
noted, having been made the subject of a monograph by H. J. Plummer.*® 


“ Maurice Crossman : Notes complémentaires sur la faune éocenique de V Alabama, Ann. 


Geol. et Pal., vol. 12 (1893). 
4 H. J. Plummer: Foraminifera of the Midway formation in Tezras, Univ. Texas, Bull. 


2644 (1926). 
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These fossils, however, are all of the small kinds, with simple tests. 
Although they are of tremendous importance in local work, they are ap- 
parently useless at present in determining worldwide correlation, for the 
foraminiferal faunas of the Danian are unknown. Perhaps when mono- 
graphs as complete as that of H. J. Plummer shall have appeared in other 
sections of the world, on strata of the same age, the Foraminifera will 
be of use. 

Through the kindness of J. P. J. Ravn, of Denmark, some foraminiferal 
material from the Danian of that country was sent to the writer. It was 
given to H. J. Plummer for study. The specimens recovered from the 
material turned out to be long-ranging species of no value in the solu- 
tion of the problem at hand. A considerable collection of large fossils 
received by exchange through the Geological Survey of India, from the 
Sind, was carefully washed for foraminiferal tests. A few specimens 
were recovered, but they likewise were long-ranging forms. 

Large Foraminifera with complex tests, such as the Orbitoididae and 
the Nummulitidae (Camerinidae), important stratigraphic markers for 
the Upper Cretaceous and the lower Tertiary rocks of other parts of the 
world, are singularly lacking in the Midway of Texas and surrounding 
areas. Therefore, for purposes of direct correlation by comparison with 
other regions, the Foraminifera may be dismissed, in the present state 
of knowledge, as practically useless in the solution of the problem. 

It is of interest, however, to compare genera and species of Foraminifera 
that have been found in the Midway with those reported from the Creta- 
ceous. With the single exception of the genus Pulvinulinella, to which 
a single Midway species has been questionably referred, every genus so 
far reported from the Midway occurs in the Cretaceous. The species in 
question, Pulvinulinella culter, was first described by Parker and Jones 
from Recent material, under the generic name, Planorbulina. H. J. 
Plummer described the species from the uppermost Midway and referred 
it to the genus Trwncatulina. Cushman, so the writer understands from 
correspondence, refers the species to the genus, Pulvinulinella, but this 
assignment has not been published. So far as the writer knows, this 
genus has not been reported from rocks of admitted Cretaceous age. 

Of the 104 species of Foraminifera listed by Mrs. Plummer as occurring 
in the Midway, the following are definitely known to occur in the under- 
lying Cretaceous strata: 


Lenticulina turbinata Plummer Dentalina granti Plummer 

Flabellina rugosa d’Orb. Vaginulina legumen Linn. 

Frondicularia archiaciana (d’Orb.) Lenticulina degolycri Plummer 
var. strigellata Bogg Pullenia quinqueloba (Reuss) 
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Anomalina alleni (Plummer) Nodosaria vertebralis (Batsch) 
Gyroidina aequilateralis (Plummer) Lenticulina rotulata (Lamark) 
Nonion turgidus (Williamson) Lenticulina gibba (d’Orb.) 
Cornuspira carinata (Costa) Saracenaria scitula (Berthelin) 
Ammodiscus incertus (d’Orb.) Marginulina regularis d’Orb. 
Pleurostomella alternans Schwager Globulina gibba d’Orb. 
Bulimina aculeata d’Orb. Guttulina problema d’Orb. 
Nodosaria radicula (Linn.) Ellipsopleurostomella eleganta 
Dentalina soluta (Reuss) (Plummer) 

Dentalina longiscata (d’Orb.) Allomonphina trigona (Reuss) 
Dentalina spinescens Reuss Siphonina prima Plummer 


Dentalina spinulosa (Montagu) 


In addition to these species the following, usually regarded as Navarro 
species, have recently been identified by Alexander in the basal Midway 
at Lone Oak: 

Siphogenerinoides plummerae Discorbis correcta Carsey 
(Cushman) Lowostoma plaitum (Carsey) 
Uvigerina seligi Cushman 


Although some of the species are long-ranging forms and, therefore, 
of little value, others are found only in the upper Navarro and the lower 
Midway. The fossils were in place and, according to Alexander,** are 
not reworked. 

In addition to the species listed, many Navarro and Midway species are 
considered by Mrs. Plummer and other authorities as being closely re- 
lated. Mrs. Plummer, in a number of instances, points out that a given 
Midway species is apparently descended from a closely related Navarro 
or earlier Cretaceous species. 

These facts hardly support the theory of a great faunal break between 
beds of Navarro age and the Midway, at least so far as the Foraminifera 
are concerned. 

It was originally thought that the first Camerinidae (Nummulites) 
appeared in the Montian immediately above the Danian, and their ap- 
pearance was used as a line of demarcation for the beginning of the Mon- 
tian (Tertiary). Primitive species of the Camerinid (Nummulite) 
genera are now known to occur in the Danian of many areas, and have 
even been found in rocks of Maestrichtian age.“ Camerina, however, 
is not found in the Midway or closely associated beds in Texas, and offers 
no direct evidence for either side of the question. 


#C. I. Alexander: Personal communication. 
47H. Douvillé: Personal communication. 
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CORALS 


In a recent paper, Trowbridge ** reports that Midway fossils, collected 
by him in the vicinity of the Rio Grande, include 13 corals, but these 
have apparently not been identified. A small coral fauna of Midway age 
has been described by Vaughan,*® who lists ten species from the Midway. 
Two additional species are doubtfully referred to those beds, making 
twelve species in all, assigned to eleven genera. All these came from the 
vicinity of Prairie Creek, Wilcox County, Alabama, but presumably, at 
least, some of the specimens found in Texas are referable to species de- 
scribed by Vaughan. Of the genera listed by Vaughan, two were created 
by him and three are of doubtful systematic position, or the species de- 
scribed are referred to them with some doubt. One genus occurs from 
the Liassic to Recent, and five apparently never have been found below 
the Midway. Vaughan made no comparisons with late Cretaceous spe- 
cies and genera, making only general remarks concerning their relation- 
ships to early Tertiary forms. According to him “the collection is not 
extensive enough to warrant any general conclusion.” The writer knows 
of no Danian (latest Cretaceous) or Montian (earliest Tertiary) sections 
in the Eastern Hemisphere that contain rich coral faunas. Apparently, 
in those regions the corals have received only superficial study. Thus, in 
the Baltic countries °° there are (except for eight genera of the yet un- 
important types) only two genera of corals known. One of these has not 
been found elsewhere below the Eocene; the other is not known to occur 
above the Danian. 

Therefore, in the present state of knowledge, the corals may be set aside 
as of little value in the solution of the problem of direct correlation. Cer- 
tain indications, however, are of importance. These fossils lend credence 
to the general view that the Midway is Tertiary. The evidence to this 
effect is still further accentuated when the several species of Micrabacta 
described by Stephenson *' from the Upper Cretaceous are considered. 
No species of this genus has been recorded from the Midway. 


BRACHIOPODA 


Brachiopoda, so far as the writer knows, are represented in the Midway 
by a single species, Argyrotheca powersi Gardner,** from a single locality. 


#8 A.C. Trowbridge: Tertiary and Quatenary geology of the lower Rio Grande region, 
Tezvas, U. S. Geol. Surv., Bull. 837 (19382) p. 35. 

4 T, W. Vaughan: The Eocene and lower Oligocene coral faunas of the United States 
with descriptions of a few doubtfully Cretaceous species, U. S. Geol. Surv., Mon. 89 
(1900) p. 25. 

5% J. P. J. Ravn: Sur le placement géologique du Danien, Danmarks Geol. Unders. II. 
Raekke, no. 43 \1925) p. 29. 

51, W. Stephenson : North American Upper Cretaceous corals of the genus Micrabacia, 
U. S. Geol. Surv., Prof. Pap. 98-J (1916). 

583 J. A. Gardner: A new Midway Brachiopod, Butler salt dome, Texas, Am. Jour. Sci., 
5th ser., vol. 10 (1925) p. 134-138, 1 pl. 
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The species, according to Gardner, is abundant in beds, believed to be of 
latest Midway age, exposed around the Butler Salt Dome, Freestone 
County, Texas, but has not been found elsewhere. The genus, Argy- 
rotheca, to which it belongs, ranges from Middle Cretaceous to Recent, 
and the species is closely comparable to none known to the writer. 

The waters of the Midway sea seem to have been too turbid for the 
propagation of brachiopods in considerable numbers and over wide areas— 
an explanation which may also account for the absence of the large 
Foraminifera, and perhaps the rudistids. As brachiopods are abundant 
in Upper Cretaceous and lower Tertiary strata of many regions, it is un- 
fortunate that they do not occur more abundantly in Texas. 


BRYOZOA 


Canu and Bassler ** have described 66 species of Bryozoa from the Mid- 
way of North America, and have referred them to 43 genera. The mate- 
rial was collected at localities in Georgia, Alabama, Mississippi, and 
Arkansas, but some of their species have been found in Texas. Most 
of the species are new or range through considerable thicknesses, and few 
comparisons with European species are given. Of the 43 genera discussed, 
27 occur from well down in the Cretaceous, or lower, into the Tertiary or 
later beds; 13 genera (one of which is new) have not been found in strata 
older than the Midway, and 3 genera have not been found in strata younger 
than the Midway. Apparently, the Bryozoa, as known at present, lend 
themselves poorly to an accurate zonation necessary for exact correlation. 

In a more recent paper, Canu and Bassler * state, with reference to 
the Tertiary Bryozoa as a whole, that “the comparison of the bryozoan 
faunas of Europe and North America are very difficult for several reasons : 
First, the rock series are incomplete and never in strict conformity. 
Second, the European publications are much scattered and do not always 
correspond to the richness of the formations considered. France, espe- 
cially, with strata enormously rich in bryozoa, has insufficient literature. 
Third, the hesitations of classification, which commence only when one 
tries to adjust them, increase the causes of uncertainty. Finally, most 
of the Tertiary faunas of America and Europe originated in totally dif- 
ferent areas. We are able, therefore, to give at this time only an approxi- 
mate view of the subject.” 

They further mention that “in Europe the bryozoan fauna of the 
Lower Eocene is unknown, for there were then lagoon conditions incom- 


53 F. Canu and R. S. Bassler: North American Early Tertiary Bryozoa, U. S. Nat. Mus., 


Bull. 106 (1920). 
% F. Canu and R. S. Bassler: American and European Tertiary Bryozoa, Geol. Soc. Am., 


Bull., vol. 35 (1924) p. 847. 
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patible to the development of these organisms. Only the Montian has 
been studied heretofore by Pergens and has furnished a strange mixture 
of Cretaceous and Eocene forms, the determination of which must be 
revised.” 

According to these authors, the affinities of the Midway bryozoan faunas 
are Cretaceous, “with the association of Smittopora, Furitina, Bathosella, 
and Ascosoecia, but the presence of Recent genera, Galeopsis and Gephy- 
rotes (appearing in the Cretaceous Vincentown marl), Gastropella 
(occurring at the top of the Cuisian), Hippoporina and Anarthropora 
indicates the beginning of the Eocene series as in Europe.” 


ECHINODERMATA 


So far as the writer knows, the Echinodermata are represented in the 
Midway by only three species, all members of the class Echinoidea, and 
all exceedingly rare. Two of these were described by Twitchell,®* from 
localities in Alabama, and were referred to the genera Echinanthus (E. 
georgiensis) and Linthia (L. alabamensis). The third is reported by 
Trowbridge * as a “new echinoid” from the Rio Grande region of Texas, 
and is being described as a new species of Linthia by Dr. Gardner. 

Neither of the two species described appears, at present, to have any 
value, either for the accurate correlation of the Midway, or for the deter- 
mination of its faunal affinities. The material in existence does not 
justify a comparison of the Midway species with species of these genera 
in other parts of the world with a view to solving a controversial problem. 

The genus Echinanthus is usually considered as indicative of the 
Tertiary age of the sediments containing it. Noetling has described 
Echinanthus griesbachi ** from strata of Maestrichtian age in Baluchistan, 
but it is doubtful if the specimens figured are bona fide members of the 
genus. At least, Lambert and Thiery * place them in the genus Lefortia 
(subgenus of Procassidulus or Cassidulus). 

An Echinanthus (£. pumilus) has been described by Duncan and Sla- 
den © from the Sind. The species is listed with Eocene forms by Lambert 


5 The Vincentown is now regarded as Eocene. See C. W. Cooke and L. W. Stephenson: 
The Eocene age of the supposed late Upper Cretaceous greensand maris of New Jersey, 
Jour. Geol., vol. 36, no. 2 (1928) p. 139-148, footnote. 

5¢W. B. Clark and M. W. Twitchell: The M ic and C ic Echinodermata of the 
United States, U. S. Geol. Surv., Mon. 54 (1915). 

57 A. C. Trowbridge: Tertiary and Quaternary geology of the lower Rio Grande region, 


Teras, U. S. Geol. Surv., Bull. 837 (1932) p. 35. 

538 Fr. Noetling: Fauna of Baluchistan. 1, 3. Fauna of the Upper Cretaceous (Maestri- 
chtian) beds of Mari Hilis, Pal. Indica, ser. 16 (1927) p. 22, pl. 4, figs. 7, 8, pl. 5, 
figs. 1, 2. 

5° J. Lambert and P. Thiéry: Essai de nomenclature raisonnée des Echinides, fasc. 5 


(1921) p. 363. 
« P. M. Duncan and W. P. Sladen: A monograph of the fossil Echinoidea of the Sind, 


Pal. Indica, ser. 14 (1882) p. 13, pls. 2, 3. 
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and Thiery, but Haug places it in the Danian. The writer believes 
that the Danian age of this species can scarcely be questioned, for Duncan 
and Sladen expressly state that it is from the “Transition Cretaceous 
Series,” and associated with Cardita beaumonti in “strata below the trap 
in the Sind.” 

Echinanthus subrotundus Cotteau is found in the upper part of the 
Garumnian of the Pyrenees, in beds that are ordinarily regarded as a 
zone of transition from the Danian to the Montian, but they are more 
probably Montian.®* £. corneti occurs in the Montian of Mons, Belgium, 
and species of the genus are relatively abundant in higher Tertiary strata 
of many regions. 

J. B. Reeside has kindly examined for the writer the two poor specimens 
of Echinanthus georgiensis in the United States National Museum, and 
has sent him plaster of paris squeezes of the type. According to this data 
and to the existing figures and descriptions, Twitchell’s generic assign- 
ment is correct, but the species is certainly different from any of the afore- 
mentioned European or Asiatic species. 

Linthia is a genus of considerable stratigraphic range, beginning early 
in the Cretaceous and extending to the present day. 

The writer has collected a number of echinoid fragments from the 
Midway in northeast Texas, but none of the material is determinable. 
It is safe to say that the echinoids, as known at present, are of no value 
in the direct correlation of the strata being considered. 


MOLLUSCA 

General statement 

The Midway is especially rich in molluscan fossils, and a great variety 
of species has been collected from many well-known localities. It is 
generally believed that among these fossils are to be found the species 
most important in solving the problems of correlation. It was through 
a study of the molluscan fossils that Harris ** was able to fix the bound- 
aries of the Midway group and to correlate beds of Midway age throughout 
the Atlantic and Gulf Coastal Plain. His work is still the most important 
contribution that has been made to the study of the Midway Mollusca. 

Since Harris did his work a number of additional species have been 
collected and described by various writers. Undoubtedly, there are many 
additional species yet undescribed. Some of the species already described 
are probably in need of revision as to generic assignment. Such a task, 
however, is outside the scope of this paper. Needed revisions and addi- 


6. Haug: Traité de Géologie (1921) p. 1339. 
62. Haug: op. cit., p. 1408. 
6G. D. Harris: The Midway Stage, Bull. Amer. Pal., vol. 1, no. 4 (1896). 
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tional description have, in fact, been made by Dr. Gardner, and she has 
generously loaned the writer a copy of her manuscript.* 


Pelecypoda 


The following pelecypod species are known from the Midway: 


Callocardia ripleyana (Gabb)—Vesi- 
comya Dall? 

Crassatellites gabbi (Safford) 

Crassatellites sepulcollis (Harris) 

Cucullaea macrodonta Whitfield 

Cucullaea (macrodonta subsp.?) 
terana Gardner 

Cucullaea sajfordi (Gabb) 

Leda milamensis Harris 

Leda elongatoidea ? Aldrich 

Leda (Ledina) smirna Dall 

Leda quercollis Harris 

Nucula mediavia Harris 

Yoldia kindlei Harris 

Yoldia eborea (Conrad) 

Plicatula sp. 

Pecten alabamensis Ald. 

Pectunculus sp. 

Avicula sp. 

Astarte smithvillensis var. mediavia 
Harris 

Astarte subpontis Harris 

Astarte aldrichiana Harris 

Perna cornelliana Harris 

Modiola subpontis Harris 

Modiola saffordi Gabb 

Arca. sp. 

Protocardia nicolletti Conrad var. 


All the genera listed above occur in Tertiary and Recent strata. All, 


Chama gainesensis Harris 

Isocardia mediavia Harris 

Meretriz ripleyana Gabb 

Meretriz sp. 

Tellina sp. 

Corbula subcompressa Gabb 

Corbula milium Dall 

Lucina claytonia Harris 

Gastrochaena gainesensis Harris 

Gastrochaena cimitariopsis Harris 

Martesia dalliana Harris 

Pholadomya mauryi Harris 

Lithophagus sp. 

Verticordia sp. 

Teredo maverickensis Gardner 

Teredo ringens Aldrich 

Lithodomus gainesensis Harris 

Ostrea crenulimarginata Gabb 

Ostrea pulaskensis Harris 

Venericardia bulla Dall 

Venericardia alticostata Conrad ? 

Venericardia (alticostata subsp. ?) 
hesperia Gardner 

Venericardia smithii Aldrich 

Venericardia planicosta (Lamark) ? 

Venericardia (alticostata subsp. ?) 
whitei Gardner 


with the possible exception of Verticordia, also occur in Cretaceous and 
earlier rocks. Verticordia is represented in the Midway, so far as pub- 
lished accounts reveal, by a single specimen which is not specifically 
determinable. Certainly, no one will attach great significance to this 
fossil. All the other genera can as well be called Cretaceous as Tertiary. 
True, not all of them are known from rocks of admitted Cretaceous age 
in Texas or the Atlantic and Gulf Coastal Plain, but in other regions 
they are known to occur in rocks of Cretaceous age. It is also true that 


¢ The new species created by Dr. Gardner, as well as her generic revisions, naturally 
belong to her work (in press, July, 1934) and are not taken into consideration here, 
unless of special interest and by her permission. 
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in Dr. Gardner’s recent work, some of the above species have been more 
accurately assigned as to genera and subgenera, and additional genera 
and species have been described, but the number of purely Tertiary genera 
is not appreciably altered. 

It is not desirable to go into a comparative analysis of all the genera 
and species of Pelecypoda just cited. Evidently, no great faunal break 
between the admitted Cretaceous and the Midway is manifest in the 
Pelecypoda. Certain species, described under the genera Ostrea and 
Venericardia (Cardita), are, however, worthy of brief consideration. 

The writer has little confidence in the value of oysters for purposes 
of detailed and inter-continental correlation. However, in his collection 
some specimens of Ostrea from the Danian of the Sind in India are so 
strikingly like Ostrea crenulimarginata as to attract attention. They 
are a little more elongated, somewhat thicker, and more rugose than the 
Texas form, but the two are unquestionably closely related. A comparison 
of the Midway species with Ostrea reflexa Lindgren (as figured by Ravn) 
from the Danian of Denmark presents some striking similarities. Again, 
the foreign species is the more elongated and considerably smoother than 
the Midway form, but the hinge structures of the two are similar. 

The most interesting Midway pelecypod genus for purposes of correla- 
tion seems to be Venericardia. When the paleontologist examines the 
species of this genus that have been described from the Midway, and looks 
about for species in other parts of the world with which to compare them, 
he will at once realize their evident similarity—if not actual identity— 
to the different varieties of the genus that have been described under the 
caption, Venericardia beaumonti d’Archiac. This species is recognized 
as characteristic of the Danian of equatorial and sub-equatorial regions. 

The evidence for direct correlation, afforded by these fossils, attracted 
the attention of the writer upon his receipt of a paper by Douvillé,® on 
the so-called Cardita beaumonti beds (Danian) of the Sind in India, in 
which the species proper and a number of its varieties were considered. 
The Venericardia beaumonti and one of its varieties (or related species), 
termed the race ameliae by Douvillé, are of especial interest. 

Through the courtesy of the Geological Survey of India, the writer 
obtained several specimens of each of the above mentioned species. Vene- 
ricardia beaumonti, from well up in the Danian of India, is exceedingly 
close to, if not identical with, the V. bulla Dall of the basal part of the 
Wills Point formation of the Midway. Both so-called species are exceed- 
ingly globose, and have tripartite ribs. Seemingly, no character of spe- 


© H. Douvillé: Les Couches @ Cardita beaumonti, Pal. Indica, n. s., vol. 10, mem. 8, 
fase. 1 (1925). 
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cific importance separates them. True, the Texas specimens are usually 
a little larger, and the ribs are slightly narrower, averaging about two 
more ribs per individual than do the Indian specimens, but there are 
individuals from the Midway that are smaller than the largest Indian 
specimens and have as few, or fewer, ribs than the more costate Indian 
examples. The Texas specimens are also a little more positively orna- 
mented than the Indian specimens, but this is probably more apparent 
than real, for the type of preservation in the two is somewhat different. 
Dr. Gardner’s statement that the tripartate arrangement of the costae in 
V. beaumonti is more accentuated than in V. bulla, does not appear to be 
borne out by facts. Typical representatives of both species are figured 
here so that the reader may readily make his own comparisons (PI. 132). 

The specimens described by Douvillé as of the race ameliae, in India 
and apparently in Africa, occur at the very base of the Danian—that is, 
immediately following the last Maestrichtian ammonites, even extending 
down into the Maestrichtian in some places. In Texas the corresponding 
species has been described as a variety of Venericardia alticostata (Con- 
rad).®’ It is relatively rare in the Littig bed and in other parts of the 
basal Midway. At the Lone Oak locality, just northeast of the Lone Oak- 
Greenville road, 34 miles northwest of Lone Oak, the writer’s associate, 
C. I. Alexander, has found the species in beds containing a peculiar mix- 
ture of Navarro (that is, Maestrichtian) and Midway fossils. These 
fossils, according to Alexander (personal communication), are not 
reworked. 

Not wishing to trust his own judgment too far in the interpretation 
of these Venericardias, the writer sent a collection of several specimens 
of the Midway species to Professor Douvillé and requested his opinion 
of them. Douvillé ** published a short note entitled, “La Cardita Beau- 
monti en Amerique,” which reads as follows: 

J’ai recu de M. G. Scott des échantillons typiques de cette Venericarde 
provenant du Midwayien, considéré jusqu’A présent comme éonummuli- 
tique et qui représenterait le Danien. Cette découverte vient ainsi con- 
firmer l’Age crétacé que notre confrére avait précédemment attribué 


A ces couches, of l’on récueille également Enclimatoceras Ulrichi, forme 
qui n’est pas sans analogies avec le Nautilus danicus. | 


Professor Douvillé then sent a letter to the writer explaining in con- 


Julia A. Gardner [Relation of certain foreign faunas to Midway fauna of Tezas, 
Amer. Assoc. Petrol. Geol., vol. 15, no. 2 (1931) p. 151] states that Venericardia beau- 
monti has more numerous ribs than V. bulla, but the opposite appears to be the case. 

« G. D. Harris: The Midway stage, Bull. Amer. Pal., vol. 1, no. 4 (1896) pl. 5, fig. 3. 

® H. Douvillé: La Cardita Beaumonti en Amérique, France, Compte Rendu, fase. 12 
(1929) p. 167. 
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siderable detail his impressions of the fossils. The following is quoted 
from his letter: 

Je viens précisement d’étudier et de figurer pour Paleontologia Indica 
les fossiles des couches 4 Vener. Beaumonti de l’Inde, qui m’avaient 
été communiqués par le Geological Survey, et parmi ceux-ci j’ai eu de 
trés nombreux échantillons de Vener. Beaumonti. Je ne vois vraiment 
pas de différences notables avec vos Nos. 1788, 23 et 17; je les rappor- 
terais donc 4 cette espéce qui dans l’Inde caractérise le Danien—le 
type vient du Danien supérieur. Une forme un peu plus ancienne dans 
le Bélouchistan, probablement du Danien inférieur, a une ornamenta- 
tion plus robuste; je l’ai distinguée comme race Ameliae, par rapproche- 
ment avec des échantillons de L’Algérie, décrits par Peron et qu’il a 
attribué au sommet du Crétacé, Maestrichtien probablement. En tout 
cas dans l’Inde cette forme est également danienne. Il semble donc 
bien que vos échantillons sont bien aussi daniens au Texas; une des 
No. 17 que sont les mieux conservés rappelent cette race Ameliae. 


In her manuscript, Dr. Gardner recognizes a large number of species 
(fifteen, some of which are not named) of Venericardia in the Midway, 
but figures of these are not yet available. Interpreted within correspond- 
ingly narrow limits, the many varieties of V. beaumonti would doubtless 
be recognized as distinct species. 

This writer has no intention of entering into controversy over whether 
or not Venericardia beaumonti and V. bulla (or any of the various varie- 
ties) are conspecific. Interpreted after the manner employed by most 
American paleontologists of today in making specific distinctions, they 
should probably be considered as distinct species, but it is certain that 
at no stratigraphic level have species of Venericardia been found that cor- 
respond so closely to those of the Midway as do the various varieties of 
V. beaumonti that have been found in the Danian. 

Dr. Gardner ®* cites Venericardia landanensis Vincent from the lower 
Eocene of Landana, Africa, stating that it is one of the group of V. beau- 
monti and that it has more than a generic resemblance to V. bulla. Vin- 
cent’s figure 7° of his type specimen is reproduced in Plate 132, figure 5, 
and V. bulla (Pl. 132, figs. 3, 4) and V. beawmonti (Pl. 132, figs. 1, 2) 
by way of ready comparison. V. landanensis has tripartate ribs like 
V. bulla and V. beaumonti, but it is compressed instead of globose; it is 
quadrate instead of sub-triangular ; and other differences are obvious. 


* Julia A. Gardner: Relation of certain foreign faunas to Midway fauna of Tezas, 
Amer. Assoc. Petrol. Geol., vol. 15, no. 2 (1931) p. 157. 

7 Em. Vincent: La Faune Paléocéne de Landana, Musée du Congo Belge, Ann., Géol., 
Pal., Min., sér. 3, Bas- et Moyen-Congo, tome 1, fase. 1 (1913) pl. 3, fig. 5. 
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Cardita hangerensis Cox ™ has tripartate ribs, but in shape it is totally 
different from Venericardia beaumonti. 

Davies ** makes the statement that “In N. W. India and Persia the 
index species of the Danian is Cardita beawmonti (an inflated species 
with ribs, except on the siphonal area, divided longitudinally into three) : 
Very similar forms are known from Egypt, (C. libyca) Tunisia, Algeria, 
Sudan, N. Nigeria, Brazil, and Argentina (C. morganiana), Peru, and 
Texas (C. hesperia), but as their combined range extends well into the 
Paleocene, they are dangerous guides to exact age.” 

Whether or not this statement is based on a thorough analysis of the 
group of Venericardia beaumonti is not stated. It is doubtful if some of 
the species listed (such as C. libyca) really belong to the group; besides, 
the Paleocene age of any of them may well be questioned. 

Thus, the succession of Venericardias in the Midway of Texas corre- 
sponds exactly to that of the Danian of the Sind, and the Midway beds 
in which these fossils occur may be correlated directly with the Danian 
on the basis of the large numbers of specimens that have been collected. 

Venericardia beaumonti and V. beaumonti race ameliae are often abun- 
dant in strata of Danian age in equatorial and sub-equatorial regions, one 
or both having been cited at numerous places in Asia and Africa, and at 
scattered places in southern and western Europe.”* Venericardia beau- 
monti has also been reported from the Roca series of Argentina, by 
Weaver,’* who places this entire series, which is everywhere followed by 
non-marine deposition, in the Cretaceous. However, Venericardia has not 
been found at the type locality of the Danian, or elsewhere in that stage 
in northern Europe.*® 


aL. R. Cox: The fossil fauna of the Samona Range and some neighboring areas: Part 
VIII. The Mollusca of the Hangu shales, Geol. Surv. India, Mem., n. s., vol. 15 (1930) 
p. 206, pl. 22, figs. 5, 8. 

73 A. Morley Davis: Tertiary faunas, Vol. 2, The sequence of Tertiary faunas. Thomas 
Morley and Co. (1931) p. 65. 

7%. Pervinquitre: Etudes de Paléontologie tunisienne, II. Gastropodes et Lamelli- 
branches des Terrains crétacés, Dir. Gen. Trav. Pub., Carte Géol. Tunisie (1912). 

H. Douvillé: Les couches @ Cardita Beaumonti, Pal. Indica, vol. 10, mem. 3 (1928). 
E. Roch: £tudes géologiques dans la Région Méridionale du Moroc occidental, Prot. 
Rép. francaise Moroc, Dir. Trav. Pub. (1930). 

%4C. E. Weaver: Paleontology of the Jurassic and Cretaceous of west central Argentina, 
Univ. Wash., Mem., vol. 1 (1931) p. 89. 

F. H. Lahee: The petroliferous belt of central-western Mendoza Province, Amer. 
Assoc. Petr. Geol., Bull., vol. 11 (1927) p. 271. 

% Munier Chalmas [Note préliminaire sur les assises Montiennes du Bassin de Paris, 
Soc. Géol. France, Bull., vol. 25 (1857) p. 85] reports indeterminate casts of Cardita in 
reworked limestone blocks of uncertain age in the white marls of Meudon (Montian), 
and a Venericardia occurs in the Montian of Mons, Belgium. These fossils, however, 
are more like V. planicosta than V. Bulla. 
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The following gastropod species have been recorded from the Midway 
of the Atlantic and Gulf Coastal Plain: 


Cadulus turgidus Harris (Scaphopod ) 

Dentalium mediaviense Harris (Scap- 
hopod) 

Actaeon (Tornatellaea) bella Conrad 

Actaeon (Tornatellaea) quercollis 
Harris 

Acteonina leai (Aldrich) 

Atys robustoides ? Aldrich 

Cylichna meyeri Aldrich 

Pleurotomella whitfieldi Aldrich 

Pleurotoma (Surcula) adeona Whit- 
field (Orthosurcula) 

Pleurotoma (Surcula) persa Whitfield 
(Orthosurcula) 

Pleurotoma (Pleurotomella ?) anacona 
Harris 

Pleurotoma (Surcula) ostrarupis 
Harris 

Pleurotoma sp. 

Pleurotoma longipersa Harris 

Pleurotoma mediavia Harris 

Pleurotoma (Cythara) leanis Harris 

Pleurotoma (Drillia) quercollis 
Harris 

Olivella mediavia Harris 

Caricella leana (Dall) (Scaphella) 

Scaphella showalteri (Ald.) (Voluta) 

Scaphella sp. 

Voluta lyroidea (Ald.) (Volutilithes) 

Voluta florencis Harris 

Volutilithes rugatus Conrad 

Volutilithes rugatus var. saffordi 
Gabb. 

Volutilithes limopsis Conrad 

Volutilithes rugatus var. saffordi 
Gabb. 

Volutilithes quescollis Harris 

Lyria wilcoviana Ald. 

Mitra subpontis Harris 

Mitra hatchetigbeensis Ald. 

Fusus quercollis Harris 

Fusus hubbardanus Harris 

Fusus meyeri Ald. 

Fusus ostrarupis Harris 

Fusus tortilis Whittield 

Fusus mohri Ald. 


Evilia pergracilis Conrad (poorly de- 
fined) 

Pyropsis perula Ald. 

Strepsidura heilprini Ald. 

Strepsidura mediavia Harris 

Leucozonia biplicata Ald. 

Mazzalina impressa Gabb (Neptunea) 

Mazzalina impressa var. orientalis 
Harris 

Levifusus pagoda (Heilprin) var. 
(poorly defined) 

Levifusus suteri Ald. 

Levifusus pagoda (Heilprin) var. 
(Fusus) 

Levifusus dalei Harris 

Fulgur ? dallianum Harris 

Neptunea constricta Ald. 

Levibuccinum lineatum Heilp. 

Pseudoliva unicarinata Ald. 

Pseudoliva ostrarupis Harris 

Pseudoliva ostrarupis var. pauper 
Harris 

Pseudoliva vetusta (Conrad) 

Pseudoliva scalina Heilp. 

Pseudoliva sp. 

Trophon morulus (Conrad) (Murer) 

Mureg (Pteronatus) matthewsensis 
Ald. 

Triton (Ranularia) eocensis ( Ald.) 
(Fulgur) 

Triton (Simpulum) showalteri 
Conrad 

Pyrula juvensis Whitfield 

Cypraca sp. 

Calyptraphorus velatus (Ald.) var. 
compressa Ald. 

Aporrhais gracilis Ald. 

Aporrhais sp. 

Cerithium (Campanile) claytonense 
Ald. 

Cerithium gainesensde Harris 

Cerithium globoleve Harris 

Cerithium mediaviae Harris 

Cerithium penrosei Harris 

Turris anacona Harris 

Turritella tennesseensis Gabb 
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Turritella alabamiensis Whitfield Xenophora sp. 
Turritella saffordi Gabb Natica (Gyrodes) alabamiensis Whit- 
Turritella mortoni Conrad var. levi- field 
cumea Harris Natica mediavia Harris 
Turritella humerosa Conrad Natica limula Conrad 
Turritella nerinexa Harris Natica (Polynices). onusta Whitfield 


Mesalia pumila (Gabb) (Turritella)  Natica saffordi Harris 
Mesalia pumila var. wilcozviana (Ald.) Natica reversa Whitfield 
Mesalia pumila var. hardemanensis Natica eminula Conrad 


(Gabb) Natica perspectiva Whitfield 
Mesalia alabamiensis (Whitfield) Amaura (Amauropsis ?) tombigbeensis 
Mesalia watsonensis Harris Harris 
Mesalia? Scala sp. 

Solarium alabamense Dall Solariella alabamensis (Ald.) 

Solarium periscelidium Dall (Trochus) 

Solariwm sp. Pleurotomaria ? sp. 

Rissoina alabamensis Ald. Fissurella mediavia Harris 

Keilostoma mediavia Harris (fits Plejona rugata (Conrad) 
poorly into genus) Plejona precursor (Dall) 

Calyptraea sp. Plejona sp. 


Of the 47 genera listed, eight have not been found in rocks of undoubted 
Cretaceous age, so far as the writer has been able to ascertain. The eight 
are: 


Pleurotomella Leucozonia Trophon 
Oliwella Mazzalina Pyrula 
Caricella Levifusus 


The presence of these eight genera in the Midway lends strength to the 
general idea that rocks of that stage are Tertiary in age. However, many 
of the Midway species, assigned to genera of the Gastropoda listed, have 
need of revision. Thus, Plewrotomella is poorly defined and of uncertain 
systematic position. Levifusus is likewise poorly defined, and the species 
referred to Trophon and Pyrula do not appear to belong to these genera 
at all. In the Cretaceous, where many groups of fossils are so satisfactory 
for stratigraphic work, the Gastropoda have received little attention. It 
is highly probable that some of the eight genera just listed will be found in 
rocks of admitted Cretaceous age when further search has been made. 
Furthermore, during late Cretaceous and Tertiary times the Gastropoda 
were undergoing rapid expansion into the various life zones of the then 
existing seas. It should not be surprising to find new genera continually 
making their appearance in successively higher strata. Ravn,"* in his 


7% J.P. J. Ravn: Sur la placement géologique du Danien, Dan. Geol. Unders., II Raekke, 
no. 43 (1925) p. 32; Btudes sur les Pélécypodes et Gastropodes Daniens au Calcaire de 
Faze, Acad. Roy. Sci., Danemark, Mem. (1933). 
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study to determine whether the type Danian is more closely allied to the 
Cretaceous or the Tertiary, found that the Gastropoda were of little value. 

In the face of these facts, however, these eight genera, which appear 
to have their beginning in the Midway, lend a certain Tertiary aspect to 
the gastropod fauna of the stage. The other 36 genera occur in the Cre- 
taceous, and earlier, strata, as well as in the Tertiary and more recent 
formations. Many show tremendous development in the Cretaceous. A 
great faunal break from the Cretaceous to the Midway obviously fails to 
manifest itself in the Gastropoda. 

Dr. Gardner‘ has used certain species of gastropods in an effort to 
correlate the Midway with certain lower Eocene beds in West Africa. She 
cites Turritella adabionensis (spelled adabienensis by Dr. Gardiner) and 
Volulithes cumeri (grunert ?) described by Oppenheim from the 
Eocene of Togo, which she states are closely related to Turritella humerosa 
Conrad and Volutocorbis limopsis of the Midway, without, however, giving 
detailed comparisons or figures. Published figures of these species, how- 
ever, would lead one to believe that the Texas and the African species 
cannot be considered as more than distantly related. Dr. Gardner also 
cites a Calyptraphorus and some small Carditas, described by the same 
author, but all these are different from anything found in the Texas 
Midway. She also compares Clinuropsts diderrichi Vincent 7 with Levi- 
fusus trabeatus (Conrad). A comparison of Harris’ and Vincent’s figures 
of these species (reproduced PI, 132, figs. 9, 10) shows that they are not 
similar. She also refers to a Calyptraphorus and a Surcula (Corbulo- 
spira), but these genera have long ranges, and the species described are 
certainly different from anything yet found in the Midway. In her manu- 
script, Dr. Gardner calls Turritella hwmerosa of the Midway the analogue 
of T. hybrida Deshayes of the Paris Basin Ypresian,®*° but published figures 
of these fossils show little similarity between them. 

The writer has never been impressed with the gastropods as a means 
of direct correlation, but in a collection of fossils recently received from the 
Danian of the Sind in India there is a slab of limestone, composed largely 
of gastropods, which looks as though it might have been broken from the 


7 Julia A. Gardner: Relation of certain foreign faunas to Midway fauna of Tezas, 
Amer. Assoc. Petrol. Geol., Bull. 15, no. 2 (1931) p. 159. 

7% Paul Oppenheim: Das Eocéne Invertebraten-Fauna des Kalksteins in Togo, Beitriige 
zur geologischen Erforschung der Deutschen Schutgebiete (1915). 

The writer can find no description of Volulithes cumeri in Oppenheim’s paper. It is 
presumed that Dr. Gardner had in mind Volutilithes gruneri, which is the only species 
of that genus described in the paper. 

7 Em. Vincent: La Fauna Paléocéne de Landana, Musée Congo Belge, Ann., Géol. Pal., 
Min., sér. 3, Bas- et Moyen-Congo, tome 1, fase. 1 (1913) pl. 2, figs. 8-11. 

®L. Guillame: Essai sur la classification des Turritelles ainsi que sur leur évolution 
et leurs migrations, depuis le début des temps tertiares, Soc. Géol. France, Bull., 4 sér., 
vol. 24 (1924) p. 281-311, pls. 10-11. ‘ 
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Midway limestone as exposed at Cobbs, near Wills Point, and elsewhere. 
On the face of the slab are numerous specimens of Turritella sp. (Pl. 132, 
figs. 7, 8) which, so far as the writer can determine, are not distinguish- 
able from T'urritella humerosa Conrad, as figured by Harris.*t A number 
of other species in the collection show close similarity to analogous forms 
from the Midway. If the gastropods may be used for purposes of direct 
correlation, those of the Midway are certainly more closely comparable 
to species of the Danian than to those of any other stratigraphic level 
yet known. 


Cephalopoda 


Except for a few reworked specimens, washed in from lower beds, no 
Ammonoids or Belemnitellas have been found in the Midway, whereas 
these fossils are abundantly represented in the Navarro and other under- 
lying Cretaceous rocks. Nautiloids, however, are present, and they have 
recently been made the subject of restudy and revision by Miller and 
Thompson.®* These authors recognize eight species of nautiloids in the 
Midway, and refer them to three genera as follows: 


Eutrephoceras jonesi Miller and Cimomia vestali Miller and Thompson 


Thompson Hercoglossa orbiculata (Tuomey ) 
Cimomia vaughani (Gardner) Hercoglossa ulrichi (White) 
Cimomia haltomi (Aldrich) Hercoglossa mcglameryae Miller and 
Cimomia subrecta Miller and Thompson 

Thompson 


As all these genera range from Cretaceous (or lower) into Eocene (or 
higher) beds, their presence in the Midway cannot be regarded as evidence 
either for or against assigning the strata of this group to the Tertiary. 
Likewise, the genera, as such, are of little importance for exact correlation, 
because of their great vertical range. As pointed out by Miller and 
Thompson, however, nautiloid species, when properly interpreted “should 


81 G. D. Harris: The Midway stage, Bull. Amer. Pal., vol. 1, no. 4 (1896) pl. 11, fig. 10. 

& A. K. Miller and L. M. Thompson: The Nautiloid Cephalopods of the Midway Group, 
Jour. Pal., vol. 7 (1933) p. 298. 

83 J, P. J. Ravn [Sur la placement géologique du Danien, Danmarks geol. Unders., II 
Raekke, no. 43 (1925) p. 32] in his study of the type Danian made a similar statement 
with regard to the contained nautiloids. Dr. Gardner [Relation of certain foreign faunas 
to Midway fauna of Texas, Bull. Amer. Assoc. Petrol. Geol., vol. 15, no. 2 (1931) p. 151] 
misinterpreted Ravn’s remarks when she said: “It is unfortunate, but evidently true, 
that a species so picuous and of a group so widely distributed should be of little 


value in exact correlation. Ravn’s comment that these animals do not seem to be of 
great importance in the solution of the problem was based on his wide experience.” 
Ravn’s problem was one of establishing proper faunal affinities, while Gardner’s problem 
was one of correlation. In all of Ravn’s published work on Hercoglossa it is clear that 
he regards species of the genus as of the utmost importance in the correlation of Danian 


strata. 
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be much better stratigraphic indices than most of the other fossils on 
which Tertiary correlations are usually based.” 

While studying in Europe in 1925 the writer ** was attracted by the 
similarity of specimens of Hercoglossa danica (Schlotheim) in the collec- 
tions at Grenoble to the so-called Enclimatoceras ulricht (White) of the 
Midway. Unfortunately, he had no specimens of the latter species before 
him and was forced to rely on the published figures. On the other hand, 
he had an excellent specimen of the species from the Danian of France, 
several specimens from Denmark, and the published figures of Blanford,** 
Moberg (in Haug),** and Ravn.** 

From his study the writer concluded that it was unnecessary to separate 
Enclimatoceras Hyatt from Hercoglossa Conrad, and that Hercoglossa 
ulrichi should fall into synonomy with Hercoglossa danica.** His state- 
ment in this regard is as follows: 

“L’échantillon de Tercis, ainsi que la figure réproduite dans le traité 
de M. Haug, paraissent concerner des formes bien plus comprimées que 
les figures de Enclimatoceras ulrichi d’Amérique. Les figures de Blan- 
ford (Pl. XI) intéressent des formes un peu plus aplaties, tandis que 
l’échantillon du N. danicus du Danien de I’Inde figuré par le méme auteur 
(Fig. 4, Pl. X) cadre absolument avec l’Enclimatoceras ulrichi d’Améri- 
que. Blanford a noté déja la variabilité considérable dans l’épaisseur 
des différents individus. Quant aux exemplaires de Faxe, ils montrent 
tous les stages d’accroissement et nous n’avons pu distinguer aucun 
caractére spécifique différent des formes d’Amérique. Ajoutons que le 
galbe tout particulier de la cloison ne laisse pas de doute sur l’identité 
des deux espéces.” 


Gardner and Stanton accepted the writer’s assignment of the Midway 
specimens to Hercoglossa, but rejected his interpretation of the species. 
Gardner *° at the same time denied that H. ulrichi existed in Texas, but 
believed that her so-called Enclimatoceras vaughani was the “analogue” of 


% Gayle Scott: Etudes stratigraphiques et paléontologiques sur les Terrains crétacés 
du Tezras, Univ. Grenoble, thése (1925) p. 114. 

% F. Stoliczka and H. Blanford: The fossil Cephalopoda of the Cretaceous rocks of 
southern India, Pal. Indica (1863-1866) p. 24, 208, pl. 10, fig. 4, pl. 11. 

% &. Haug: Traité de Géologie (1911) p. 1405. 

J. P. J. Ravn: Molluskerne i Danmarks Kridtaflejringer. II Scaphopoder, Gastro- 
poder og Cephalopoder, Acad. Roy. Sci. Lettres Danemark, Mém., 6me sér., sec. sci., tome 
11, no. 4 (1902) pl. 4, figs. 3-4, pl. 5, fig. 3. 

8 E. W. Berry had previously questioned the validity of the genus Enclimatoceras 
[A new Hercoglossa from the Eocene of Peru, Amer. Jour. Sci., vol. 6 (1923) p. 427-431]. 

8 Julia A. Gardner: On Scott’s new correlation of the Texas Midway, Amer. Jour. 
Sci., vol. 12 (1926) p. 454. 
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that species.°° Miller and Thompson ™ in their recent paper have shown 
that the so-called Z. vaughani is not closely related to H. ulricht, and that 
the latter does exist in the Midway of Texas. They place Z. vaughant in 
the newly revived genus, Cimomia. They further conclude that Herco- 
glossa ulrichi and H. danica cannot be identical, but that “nevertheless, 
the rather striking similarity of H. wlricht of the Midway and H. danica 
of the Danian would seem to indicate that there probably was no great 
difference in the time of deposition of the sediments that contain these 
two forms.” These authors restrict their interpretation of H. danica to 
the specimens from the type locality in Denmark. They point out that, 
“the general shape of the conch of the two is not the same and the sutures 
present significant differences. The conch of H. ulricht appears to be 
narrower and more narrowly rounded ventrally than is that of H. danica. 
In H. danica the lateral lobes of the sutures are distinctly narrower than 
the lateral saddles, whereas in H. ulrichi (as in H. orbiculata) the reverse 
is the case; also it would appear from the available evidence (which is 
rather limited) that H. uwlrichi attained a much larger size than did 
H. danica.” 

If paleontologists must interpret species so narrowly—and such appears 
to be the tendency of modern paleontologists in this country—this writer 
stands ready to yield the point and acknowledge that Hercoglossa ulricht 
and H. danica are distinct species. He cannot refrain, however, from 
calling in question such a procedure. He does not believe it is based on 
sound biology. In living forms the validity of species is, at least theo- 
retically, checked by the fertility test.°* A species in fossil forms depends 
more upon the concept of the student creating the species; consequently, 
the matter of species distinctions in fossils must always be, to a certain 
extent, a matter of opinion. 

In this connection, it may be well to consider some of the differences 


% Julia A. Gardner in A. C. Trowbridge: A geological reconnaissance in the Gulf Coastal 
Plain of Texas near the Rio Grande, U. S. Geol. Surv., Prof. Pap. 131-D (1922) p. 115, 
pl. 33. 

The writer does not know what importance to attach to the term “analogue” in this 
particular instance, but it is a serious error to thus group such obviously unrelated 
species. The whorl sections and the sutures are totally different in the two. 

1 A, K. Miller and M. L. Thompson: The Nautiloid Cephalopods of the Midway Group, 
Jour. Pal., vol. 7 (1933) p. 300. 

Thus, the modern European Anomia (A. ephippi Linnaeus) is so variable that no 
less than thirty specific names have at various times been applied to forms which are 
now referred to as Linnaeus’ original species. A. lampe Gray, of the coast of southern 
California, has had a similar history. If paleontologists interpret species narrowly, 
there is no need for the term, variety. On the other hand, they should invent a new 
term of classification to take a place between genus and species. If fossil species are 
to be distinguished on the basis of their occurrence at widely separated localities, what 
distance shall be named as sufficient for determining a new species? 


LXXIV—BULL. Grou. Soc. Vou. 45, 1934 
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that Miller and Thompson have pointed out between Hercoglossa ulrichi 
and H. danica. 

The Texas examples are larger than most specimens of H. danica that 
have been figured from the type Danian of Denmark, but no one knows 
what systematic importance to attach to size in the cephalopods. Ravn 
has informed the writer that his largest specimens of Hercoglossa danica 
from Faxe measure 105 millimeters from the edge of the umbilicus to 
the ventral margin on the living chamber. The same measurement on 
his largest examples from Annetorp is somewhat over 180 millimeters. 
The total diameter of these specimens must be great, much greater than 
the diameter of any specimen of Hercoglossa ulrichi that the writer has 
seen, but specimens of the latter do not often have the living chamber 
preserved. Miller’s and Thompson’s statement that “in H. danica the 
lateral lobes of the sutures are distinctly narrower than the lateral saddles 
[ See figures of small specimens from Denmark, PI. 134, figs. 1, 2], whereas 
in H. ulrichi the reverse is the case” would appear to be based, at least 
in part, on the comparison of specimens of unequal size. In studying 
large specimens of H. danica, one notes that the lateral saddles tend to 
retain their narrowness, while the lateral lobes are spread out to compen- 
sate for the greater distance the suture must traverse. 

In consideration of these comparisons the writer is figuring (Pl. 133, 
fig. 1, and Pl. 134, fig. 3) a specimen of Hercoglossa danica collected by 
the late A. de Grossouvre from the lower part of the Danian of Tercis, 
in France, and loaned to the writer for study. This is a large specimen, 
much larger than any specimen of H. ulricht that he has seen, and is 
entirely septate. It is somewhat narrower and more narrowly rounded 
on the venter than a large specimen of H. ulrichi figured (Pl. 133, figs. 2, 3). 
The lateral lobes of the suture are also much wider than the lateral 
saddles. Specimens from India, figured by Blanford, are strikingly sim- 
ilar to those from Texas and the Tercis specimen. Perhaps, after the 
manner of present practice, these specimens in the different regions should 
receive different names. To debate that point here would be to obscure 
the main problem at hand, but these facts are worthy of note: 

1. Nautilus danicus is found almost entirely at the base of the Danian 
in Denmark, having been reported rarely, if at all, above the lower middle 
of the stage.™ 

2. The specimen from Tercis, figured here, occurs only a relatively 
short distance from the type Danian. This specimen differs more widely 


% J, P. J. Ravn: Personal communication. 

*%J, P. J. Ravn: Molluskerne i Danmarks Kridtaflejringer, I11. Stratigrafiske Under- 
sogelser, Acad. Roy. Sci. Lettres Danemark, Mém., 6me sér., sec. sci., tome 11, no. 6 
(1903) p. 418. 
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from specimens of H. danica from the type Danian than do the latter 
from specimens of H. ulricht. The specimen figured was collected in the 
lower part of the Danian. That the beds are Danian is unquestioned, for 
the succession at Tercis is in the fosse aturienne where sedimentation from 
admitted Cretaceous into admitted Tertiary was complete and without 
break. The specimen came from a level a short distance above the last 
Maestrichtian ammonites and was associated with undoubted Cretaceous 
echinoids (Isopneustes gindrei, Micraster tercensis, Echinoconus tercensis, 
Ananchytes semiglobosus) and other Cretaceous fossils.®° 

3. The specimens from the region of Trichinopoli in southern India, 
referred to H. danica by Blanford, occur above the last Cretaceous ammo- 
nites in strata which grade upward from the Maestrichtian, and which 
are not followed by marine beds in the region. At the present time there 
is no reasonable basis upon which the reference of these strata and their 
fossils to the Danian may be questioned. 

4, In Egypt, where the stratigraphic succession is complete and without 
break from Cretaceous to Tertiary, Hercoglossa danica is found.** The 
occurrence is also lower Danian, for Ananchytes and other undoubted 
Cretaceous fossils are found in the overlying strata.*” 

5. Specimens of Hercoglossa mclameryae Miller and Thompson and 
H. orbiculata (Tuomey), as interpreted by these authors, appear to be 
close to H. ulrichi, are found at the same level with it, and in the same 
general region. All three of these supposed species occur in the lower 
Midway, and although the latter has been reported to occur throughout 
the thickness of the group, such occurrence requires further check. All 
specimens that the writer has examined (including five in the Texas State 
Bureau of Economic Geology) are from the lower Midway. 

The interpretation that should be placed on all these facts relative to 
the supposed species, from a systematic point of view, is not of primary 
importance here, where exact correlation of the strata is sought. It is, 
however, fundamentally significant to observe that at no level outside 
of the Danian have any specimens of Hercoglossa closely comparable to 


% Jean Seunes: Récherches géologiques sur les terrains sécondaires et U’Eocéne infé- 
rieur de la région sous-pyrenéenne du Sud-Ouest de la France (Basses-Pyrenées et 
Landes), Fac. Sci., Univ. Paris, thése (1890). 

A. Leymerie: Description géologique et paléontologique des Pyrenées de la Haute- 
Garonne. Toulouse (1881). 
Em. Haug: Traité de Géologie. Paris (1921) p. 1408. 

% Arthur Quaas: Beitrag zur Kenntniss der Fauna der obersten Kreidebildungen in 
der libyschen Wuste, Paleontogr., bd. 30, pt. II (1902). Quaas’ figure (pl. 33, fig. 31) 
is poor. See also &. Haug: Traité de Géologie (1921) p. 1412. 

7 J. Wanner [Die Fauna der obersten weiasen Kreide der libyschen Wuste, Palaeontogr., 
bd. 30, pt. 2 (1902) p. 91-151] cites a Baculites and a Rudistid, both specifically inde- 
terminable and evidently washed in from lower beds. 
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H. ulrichi (and H. danica) been recorded from any part of the world.®* 
Eutrephoceras is, of course, widely distributed in the Danian of many 
regions. The writer is acquainted with no species of Cimomia comparable 
to C. vaughani and its allies, but the genus is poorly known. Dr. Gardner * 
has compared Nautilus diderrichi Vincent and N. landanensis Vincent of 
the lower Eocene of Landana, West Africa, to Cimomia vaugham. N. di- 
derrichi is certainly not a Cimomia, and N. landanensis (P1. 134, fig. 4), 
although probably a Cimomaia, is different from the Texas forms. 

Thus, although the nautiloids of the Midway indicate no more affinities 
with the Cretaceous than with the Tertiary, the species of Hercoglossa 
indicate, beyond any reasonable doubt, the correlation of the Midway beds, 
in which they are contained, with the Danian. 

In recapitulation of the correlative evidence gained from this review 
of the Mollusca, it is clear that the facts are in favor of the correlation 
of the Midway with the Danian. The study has pointed out that the 
Midway contains a number of molluscan species that are closely compa- 
rable to (if not actually identical with) species that mark definite zones 
in the Danian of other parts of the world, and that these are distributed 
after the same stratigraphic order. It has also shown that all the species 
of correlative value from the Midway that have been compared with 
species from undoubted Tertiary rocks in other parts of the world are 
different from the species with which they have been compared.’ 

The alleged great change in the molluscan fauna, from the Navarro to 


%In 1897, Munier-Chalmas [Note préliminaire sur les assises montiennes du Bassin 
de Paris, Soc. Géol. France, Bull., vol. 25 (1897) p. 82] records Nautilus danicus from 
the lower Montian, but these beds are now considered Danian [&. Haug: Traité de 
Géologie (1921) p. 1406]. The writer has not seen any specimens or figures of H. pavlowi 
Archangelski [Dépéte paléocene de la région volgienne du gouvernement de Saratov et 
leur faune, Nat. sur géologie Russlands, vol. 32 (1904) p. 171, pl. 12] but according to 
Vincent the ventral position of the siphuncle of that species should preclude any possi- 
bility of its being confused with H. danica. Specimens of Hercoglossa comparable to 
H. ulrichi occur in the Martinez of California, and the beds in which they oceur are 
thought to be approximately equivalent to the Midway in age [C. E. Weaver: Contri- 
bution to the paleontology of the Martinez Group, Cal. Univ., Publ., Dept. Geol., Bull., 
vol. 4, no. 5 (1905) ; R. E. Dickerson: Fauna of the Martinez Eocene of California, ibid., 
vol. 8, no. 6 (1914)]. Harris [in G. A. Waring: The geology of the Island of Trinidad, 
B. W. I., The Johns Hopkins University Studies in Geology, no. 7 (1926)] reports 
Hercoglossa ulrichi—incidentally of enormous size—and other well known Midway 
fossils from Trinidad. 

® Julia A. Gardner: Relation of certain foreign faunas to Midway fauna of Tezas, 
Amer. Assoc. Petrol. Geol., Bull., vol. 15 (1931) p. 157. 

10 The fact should not be overlooked that C. W. Cooke [American and European Eocene | 
and Oligocene Mollusks, Geol. Soc. Am., Bull., vol. 35 (1924) p. 852] made the following 
statement relative to the Midway mollusks: “The presence of several long-ranging Eocene 
species in the Montian makes its fauna appear younger than that of the Midway. The 
absence, so far as known, of Cucullaea from the Montian and the presence of a very 
common species in the Midway also suggests a greater age for ine Midway, but there 
is a Cucullaea in the Thanetian.” Cooke did not question the Tertiary age of the Midway. 
Cucullaea, incidentally, so well represented in the Midway, reached its maximum of 
development and expansion in the Upper Cretaceous. 
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the Midway, has been interpreted by many authors, particularly Stephen- 
son, as indicative of a great time break between the top of the Navarro 
and the base of the Midway, and is supposed to show that the Cretaceous- 
Eocene contact should be placed at this level. The following quotation 
expresses Stephenson’s '* ideas concerning this particular feature: 


During the time represented by the unconformity separating the Cre- 
taceous [Navarro] and Eocene [Midway] strata of the eastern Gulf 
region some very important changes took place in the molluscan life of 
the region. A preliminary study of the faunas has shown that 168 or 
more species belonging to the subkingdom Mollusca existed in the zone 
of Exogyra costata of the Upper Cretaceous. Of these not a single 
species is known with certainty to have been found in the basal Eocene 
or Midway formation. Several species of Cretaceous mollusks have 
been reported from basal Eocene beds at different places in the Atlantic 
and Gulf Coastal Plain, but when the records are critically examined 
more or less uncertainty is found in each record, either as to the correct- 
ness of the identifications or as to the authenticity of the localities at 
which they were reported to have been found. 

The 168 species of mollusks in the zone of Exogyra costata represent 
89 genera. At least 20 of the more common of these genera became ex- 
tinct before the Midway formation began to be deposited, and these are 
enumerated in the list which follows. One whole order, the Ammonoidea. 
which included five or more genera, entirely disappeared. 

Genera common in the zone of Exogyra costata (Upper Cretaceous), 
which became extinct before the deposition of the Midway formation 
(Eocene) : 


Breviarca Cyprimeria Belemnitella 
Nemodon Legumen Order Ammonoidea 
Gervilliopsis Aenona Baculites 
Inoceramus Linearia Scaphites 

Erogyra Leptosolen Sphenodiscus 
Paranomia Perissolar Hamites 

Liopistha Pugnellus Turrilites 


The genus, T’rigonia, which is common in the zone of Exogyra costata, 
does not appear in the Eocene of the Atlantic and Gulf Coastal Plain 
but occurs rarely in the post-Cretaceous in other parts of the world... . 

Although practically all the species of mollusks in the Midway forma- 
tion are different from those found in the underlying Cretaceous, the 
number of genera that make their first appearance in the Midway is 
probably less than the number of Upper Cretaceous genera that become 
extinct in the interval represented by the unconformity. However, 
using Harris’s paper, already cited, as principal authority, the writer 
has been able to note at least seven common genera in the Midway that 
are not found stratigraphically below that level in the eastern Gulf 
region; these are Chama, Venericardia, Meretrix, Mazzalina, Calyptra- 


101 T,, W. Stephenson : The Cretaceous-Eocene contact in the Atlantic and Gulf Coastal 
Plain, U. S. Geol. Surv., Prof. Pap. 90-J (1914) p. 157. 
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phorus, Mesalia, and Enclimatoceras. Some of these genera are known 
in the Upper Cretaceous in other parts of the world. 


The names employed in the lists which Stephenson gives may be some- 
what out of date, but the recent studies of Gardner have not materially 
altered his findings. She mentions only Ostrea vomer as common to both 
the Navarro and the Midway. A careful examination of the material 
presented by Stephenson will show how far astray one may be led by this 
type of data if it is not properly interpreted. 

Thus, in his list of twenty common genera well represented in the upper 
Navarro, which became extinct before the beginning of the Midway depo- 
sition, are Inoceramus, Belemnitella, and five genera of the Ammonoidea. 
Now it is a well known fact that no specimen of Inoceramus or of Belemni- 
tella, or of any ammonoid genus has been found above the Maestrichtian 
(that is, Navarro) in any part of the world. These genera, therefore, 
would certainly not be represented at a level higher than the Navarro, 
even if sedimentation into the Midway were without break. It is doubtful 
if bona fide representatives of Nemodon, Gervilliopsis, Exogyra, Liopistha, 
Leptosolen, and Pugnellsu have ever been found above the Maestrichtian. 
If present at all, they certainly are rare above that level, and their absence 
above the Navarro in Texas and neighboring areas, whether there is 
stratigraphic break or not, should not be surprising. The writer is unable 
to accurately check the range of the six remaining genera in the list, but 
surely no one will attach great importance to Breviarca, Paranomia, Legu- 
men, Aenona, Linearia, and Perissolaz as they are now known. 

In Stephenson’s list of molluscan genera that are not found below the 
Midway, it should be noted that Chama is common in the Danian of 
Denmark, Venericardia occurs well down in the Cretaceous of many 
regions, and the Danian stage in Asia, Africa, and elsewhere, is often 
called the “beds of Venericardia beaumontt,” from the great abundance 
of shells of this, and related, species. Meretriz, Calyptraphorus, and 
Mesalia are all found in the Cretaceous of many regions, and Enclimato- 
ceras, as already noted, is not a valid genus. 

This writer has no intention of entering into controversy over whether 
or not species of Mollusca cross the Navarro-Midway contact. Here, 

again, is the matter of opinion regarding species distinction ; besides, as 
has already been pointed out, data of this nature, although interesting, 
are not significant in a problem of this kind. 


CRUSTACEA 


Most of the Crustacea found in the Midway belong to the order, Ostra- 
coda. Two crabs (Nostosceles bournei and Harpactocarcinus americanus) 
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have been described by Rathbun,’° but knowledge of these animals does 
not appear to have advanced to a stage where it may be helpful in the 
solution of the problem here considered. 

The Midway contains Ostracoda in considerable abundance. These 
fossils are now being studied in detail by the writer’s associate, C. I. 
Alexander, by whose findings he is, therefore, able to profit. 

Alexander *°* recently published a paper on the Cretaceous Ostracoda 
of North Texas. He makes the following statement relative to the affini- 
ties of the Navarro and the Midway forms: 


Though the many differences between the ostracod fauna of the upper 
Navarro and that of the lower Midway are sufficiently marked to make 
each faunal group distinguishable, a few species are present in both 
formations. Further, many species in the Midway show clear relation- 
ship with upper Navarro species, and exhibit but few changes from their 
Navarro precursors in the direction that would be expected from a study 
of the evolution of these groups. Thus the micropaleontological evi- 
dence seems to justify Dr. Scott’s suggestion that the hiatus between 
the upper Navarro and the basal Midway is not so great as has been 
commonly supposed. A definite correlation of the lower Midway with 
the Danian must await more detailed comparative studies in all branches 
of paleontologic work. 


Of the 23 species of Ostracoda described from the Navarro by Alexander, 
the following five occur well up in the Midway: 

Bairdia magna Alexander Cytherella tuberculifera Alexander 
Cytheridea everetti Berry Orthonotacythere hannai (Israelsky) 
Cytheridea fabaformis (Berry) 

Brachythere foraminosa Alexander ’* also occurs in the Navarro. In 
Alexander’s latest check *°* the following additional Navarro species (not 
reworked) have been found in samples collected from the basal Midway 
(Littig) bed at Lone Oak, where there is a peculiar mixture of Navarro 
and Midway species : 


Cytheridea macropora Alexander Cythereis communis Israelsky 
Cytheridea micropunctata Berry Cythereis hazardi Israelsky 
Cytheridea monmouthensis Berry Cytherella ovoidea Alexander 


Brachycythere rhomboidalis (Berry)  Argilloecia subcylindrica Alexander 
Brachycythere ovata (Berry) 


102 Mary J. Rathbun: Two new crabs from the Eocene of Texas, U. S. Nat. Mus., Pr., 
vol. 73, art. 6 (1928) p. 1-6, pls. 1-3. 

108 C, I. Alexander : Ostracoda of the Cretaceous of North Texas, Univ. Texas, Bull. 2907 
(1929) p. 45. 

1% C, I, Alexander: Ostracoda of the Midway (Hocene) of Texas, Jour. Pal., vol. 8 
(1934) p. 218. 

10 C, I. Alexander: Personal communication. 
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From this brief review of Navarro and Midway Ostracoda it is clear 
that there is no great break in this fauna at the contact of the two groups 
of strata. Alexander authorizes the writer to quote an additional state- 
ment concerning the Midway Ostracods: 

No paleontologist has made a study of Danian Ostracoda in any part 
of the world. These fossils cannot, therefore, be used for purposes of 
correlating the Midway with the Danian. It is notable, however, that 
in comparison with the lower Eocene Ostracoda described in Europe 
and other parts of the world the Midway ostracod fauna has a decidedly 
older appearance. 

VERTEBRATA 


As the Midway is marine, it would not be expected that any considerable 
number of vertebrate fossils would be found in it. A small vertebrate 
skull was recently taken from a deep well in Louisiana. It is thought 
that the level from which it came is Cretaceous, but it is described by 
Simpson 7° as a “Paleocene mammal.” The uncertainty of its source 
renders its further discussion here useless. 


FLORA 


No determinable fossil plants have been found in rocks of undoubted 
Midway age. Berry *®’ has described small floras from Earle, Bexar 
County (ten species) and Sayersville, Bastrop County (twelve species), 
Texas, and tentatively considered them as of Midway age. Subsequent 
stratigraphic investigation by a number of workers has led to the general 
opinion that these fossil plants are from the lower Wilcox strata and not 
from the Midway. 

The same author *°* has described six species of plants from a locality 
fifteen miles south of Toyahvale in west Texas. He believes these plants 
may be of Midway age, but their actual horizon remains uncertain. 

The plants, therefore, as known at present, can be of no value in the 
direct correlation of the Midway. 

As the floras from Earle and Sayersville, however, occur low in the 
Wilcox, they are the nearest approach yet known to a true Midway flora, 
and are of a certain interest here. In his paper, in which he discussed 
the Earle flora, Berry ‘°° makes the following statement: 


10 G, G. Simpson: A new Paleocene Mammal from a deep well in Louisiana, U. S. Nat. 
Mus., Pr., vol. 82, art. 2 (1982) p. 1-4. 

17 E. W. Berry: The Lower Eocene floras of southeastern North America, U. S. Geol. 
Surv., Prof. Pap. 91 (1916) p. 8-20; An early Eocene florule from central Tezas, U. 8S. 
Geol. Surv., Prof. Pap. 132-E (1924). 

108 KE. W. Berry : An Eocene flora from trans-Pecos, Texas, U. S. Geol. Surv., Prof. Pap. 
125-A (1919). 

10 Op. cit., p. 10. 
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Only 2 of the 10 Midway (?) species are new, and the genera to which 
they are referred are not even represented in described Cretaceous or 
Eocene floras. The other 8 species have been found also in other places. 
The following species are found in the overlying deposits of the Wilcox 
group: Ficus denveriana, Ficus sp., and Terminalia hilgardiana. The 
following species occur in the Raton formation of the Raton Mesa coal 
field in Colorado and New Mexico: Ficus occidentalis, Ficus denveriana, 
Platanus oceroides latifolia, and Terminalia hilgardiana. Five of the 
eight species or 50 per cent of the known Midway (7?) flora occur in the 
Denver formation of the Denver Basin of Colorado. These are Ficus 
denveriana, Ficus occidentalis, Cinnemomum affine, Laurus wardiana, 
and Asimina eocenica. This fact is of great importance, as some geolo- 
gists dispute the Eocene age of the Denver formation, but no one can 
dispute the age of the Midway (?) plants. . . .” 


This writer is not so certain about the folly of disputing the age of 
the “Midway (?) plants”’—if they should prove to be Midway. In any 
case, the correlative evidence presented by Berry should be of a certain 
value in any discussion of the Cretaceous-Tertiary boundary. 


SUMMARY OF CRITERIA 


In the preceeding pages the writer has analyzed the correlative value 
of the facts of Midway stratigraphy, diastrophism, and fauna and flora 
as they are now known. He makes no pretense of having exhausted the 
possibilities of all, or even any one, of these criteria. Much more detailed 
work needs to be done. It is believed, however, that the information 
assembled in the study may now be summarized with profit, and certain 
definite conclusions appear to be inevitable. 

The criteria important in solving the problem of worldwide correlation 
and stratigraphic affinities have been listed and analyzed as follows: 

(1) Lithologic criteria (important only in determining stratigraphic 
affinities). 

(2) Stratigraphic and diastrophic criteria (important in correlation, 
and of primary significance in determining stratigraphic affinities). 

(3) Faunal and floral criteria (important in direct and exact inter- 
continental correlation, and in determining stratigraphic affinities). 

The fact was emphasized that from a lithologic point of view the 
Midway resembles the Navarro much more closely than it does the over- 
lying Tertiary formations. 

It was pointed out that uppermost Navarro may be paralleled with 
upper levels in the Maestrichtian (with the possibility that the zone of 
Indoceras baluchistanense may be missing in Texas) and that this corre- 
lation is now generally accepted. This level, therefore, furnishes a start- 
ing point from which the extent of the hiatus at the Navarro-Midway 
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contact may be measured, and the consequent amount of geologic time, 
thus involved, determined within limits. 

It was admitted that the thin stratum of sand, glauconite, reworked 
fossils, and phosphate nodules at the base of the Midway probably repre- 
sents emergence. A similar period of emergence is indicated at the end 
of lower Midway times. 

The reader was reminded that general emergence took place throughout 
the Atlantic and Gulf Coastal Plain along the outcrop at the end of the 
Midway, but that this period of emergence, instead of being accompanied 
by erosion, represented a period of non-marine deposition of the Wilcox 
group of sediments. 

The facts of Midway stratigraphy and diastrophism were found to be 
almost exactly duplicated in the type Danian of Denmark (shown dia- 
grammatically in the text), and were shown to correspond closely to the 
main features of Danian stratigraphy and diastrophism in a number of 
widely separated regions of the world. Comparable conditions were not 
found in any Tertiary stage above the Danian in any region of the earth. 

In reviewing faunal and floral criteria it was found that in the present 
state of knowledge only the Mollusca are represented by genera and species 
which are useful in direct intercontinental correlation of the Midway. 

The sparse coral fauna of the Midway appears to be more closely 
related to known Tertiary coral faunas than to known Cretaceous coral 
faunas. A single echinoid species (represented by two poor specimens) 
appears to be a Tertiary form. The only other genus of Midway echinoids 
(represented by two rare species) does not have any stratigraphic signifi- 
cance, as known at present. In the entire Midway fauna, corals and 
echinoids are the only classes of animal fossils in which the Tertiary 
affinities are more pronounced than the Cretaceous affinities. 

In the Mollusca are many genera and species which are valuable for 
direct intercontinental correlation, and in his study of the fossils of that 
phylum the writer discussed in detail a number of these species. He 
pointed out that every recorded Midway molluscan genus, with the pos- 
sible exception of eight obscure gastropod genera, are found in the Cre- 
taceous. He made no attempt to deny or affirm the oft-repeated statement 
that “no molluscan species crosses the Navarro-Midway contact,” but he 
showed that this feature, true or not, is of no importance in solving the 
problem at hand. 

The writer has shown that a number of molluscan species in the Midway 
are closely similar (or even identical) to well known Danian species. He 
has also shown, by comparative figures, that none of the species, outside 
of the Danian, with which Midway species have been compared is even 
closely related to those Midway species. 
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CONCLUSIONS 


From a review of Danian and Midway faunal affinities it becomes clear 
that, so far as the Midway is itself concerned, its fauna shows both Cre- 
taceous and Tertiary affinities. Many distinctive Cretaceous genera 
(Inoceramus, Exogyra, Belemnitella, Ammonoidea) have completely 
disappeared, and the absence of these fossils constitutes a good reason for 
excluding the Midway (and the Danian) from the Cretaceous. As prac- 
tically all Midway genera, however, are found in rocks of admitted Creta- 
ceous age, and as a preponderant number of the more distinctive genera 
reach their maximum in the Cretaceous, it appears preferable to consider 
the Midway fauna as a greatly impoverished Cretaceous fauna in which a 
number of Tertiary elements make their appearance or begin to attain 
a development of considerable prominence. 

This view is strengthened when it is remembered that the Danian of 
other regions, with which the Midway is being correlated, is known to 
contain strictly Cretaceous orbitoid Foraminifera, echinoids, and rudis- 
tids. 

From these facts it appears inevitable that the following conclusions 
concerning the correlation of the Midway should be made: 

1.—The lower Midway should be correlated with the lower Danian. 

2.—The middle Midway (Tehuacana member) contains fossils similar 
to those of the middle Danian, and should be correlated with that part of 
the stage. 

3.—The upper part of the Midway contains fewer fossils upon which 
a direct intercontinental correlation may be based, but as that part of the 
group does not contain fossils by which it may be correlated with the Mon- 
tian or higher Tertiary strata, as Venericardias of the group of V. bulla 
or V. beaumonti range well up into the upper Midway, and as Hercoglossa 
of the group of H. ulrichi has been reported in these strata, it is reasonable 
to conclude that these beds are also Danian. 

4.—The facts of stratigraphy and diastrophism confirm the conclusions 
drawn from a study of the fossils, and indicate that all the Midway strata 
(possibly including the Seguin beds) should be placed in the Danian. 
(This statement refers, of course, to regional diastrophism. It is true 
that the faults around Mexia, Powell, and elsewhere have a great deal 
more throw below the Midway than in the Midway, but these faults were 
in process of formation through much of the Upper Cretaceous.) 

5.—As the topmost Navarro is upper Maestrichtian in age and as the 
lowermost Midway is lower Danian in age, the hiatus at the contact, which 
has been considered as of tremendous length, is, in reality, only slight, 
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being confined between high levels of the Maestrichtian and the lowest 
beds of the Danian. 

The following conclusions relative to the affinities of the Midway ap- 
pear to be justified: 

1.—Lithologic and stratigraphic criteria argue in favor of placing the 
Midway in the Cretaceous rather than in the Tertiary. 

2.—Midway fauna is a greatly impoverished Cretaceous fauna in which 
some Tertiary elements make their appearance. 

3.—The Midway correlates with the Danian, which is placed in the 
Cretaceous by most authorities. 

4, The Midway should, therefore, be placed in the Cretaceous, and the 
Cretaceous-Eocene contact should, in all probability, be placed at the 
level where Midway marine deposition ended. 
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PLaTE 132 
SPECIMENS FROM INDIA, TEXAS, AND AFRICA 


Figure 1—Venericardia beaumonti D’Archiac. Anterior view of specimen from the 
Danian of the Sind, India, communicated to writer by Geological Survey of 
India. Photograph, natural size, not retouched. 

Figure 2—Venericardia beaumonti D’Archiac. Same specimen as in Figure 1, 
lateral view. Photograph, natural size, retouched to bring out tripartate ar- 
rangement of ribs. 

Figure 3—Venericardia bulla Dall. Anterior view of large specimen from locality 
six miles south-southwest of Elgin, Bastrop County, Texas. Horizon, base of 
upper half of Midway group. Photograph, natural size, not retouched. 

Figure 4—Venericardia bulla Dall. Same specimen as in Tigure 3, lateral view. 
Photograph, natural size, retouched to bring out tripartate arrangement of ribs. 
Tuberculate primary ribs are partly excavated. The nature of the ribs is shown 
better in Figure 3. 

Figure 5—Venericardia landanensis Vincent. Said by Gardner to be of the group 
of V. beaumonti and to “‘have more than a generic resemblance to Venericardia 
bulla.’’ Exact reproduction of Vincent’s figure of specimen (Plate 3, figure 5, 
slightly enlarged, in La Fauna Paléocéne de Landana) from lower Eocene of 
Landana, Africa. 

Figure 6—Turritella var. of humerosa? (Reproduction of Harris’ Plate 11, figure 
10). 

Vigure 7—Turritella sp. Specimen removed from slab, Danian of the Sind, India, 
Photograph, natural size, retouched to bring out ornamentation. 

Figure 8—Turritella sp. From same slab as specimen in Figure 7. Photograph, 
natural size, not retouched. 

Figure 9—Levifusus trabeatus Conrad. Reproduction of Harris figure (The Midway 
Stage, Plate 9, figure 10). This species is compared by Gardner to Clinuropsis 
diderrichi Vincent (Figure 10). 

Figure 10—Clinuropsis diderricht Vincent. Exact reproduction of Vincent’s natural 
size figure (Plate 2, figure 8) from lower Eocene of Landana, Africa. According 
to Gardner, this species “‘strongly suggests Levifusus trabeatus” (Figure 9). 


= 
\ 
| 
5 
| 
| 
{ 
‘ 
A 
: 


BULL. GEOL. SOC. AM. VOL. 45, 1934, PL. 132 


SPECIMENS FROM INDIA, TEXAS, AND AFRICA 


ahi 
Aff 
f ‘hy 
4 
Wey 
i 
“3 : 
ry 
| 
7 8 
| 
‘ 


PiaTE 133 
HERCOGLOSSA FROM FRANCE AND TEXAS 


Figure 1—Hercoglossa danica Schloth. Apertural view of large specimen from the 
Danian of Tercis, France. Linear dimensions of photograph reduced one half. 
Not retouched. (Lateral view of same specimen, Plate 134, figure 3). 

Figure 2—Hercoglossa ulrichi White. Apertural view of specimen from lower 
Midway (Kincaid formation) from near Lockhart, Bastrop County, Texas. 
Linear dimensions of photograph reduced one half. Photograph retouched. 
Penultimate whorl slightly crushed at junction with apertural face. 

Figure 3—Hercoglossa ulrichit White. Lateral view of same specimen as in Figure 2. 

Sutures on the specimen outlined in ink. Photograph not retouched. 
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PLaTE 134 
HERCOGLOSSA FROM DENMARK, FRANCE, AND AFRICA 


Figure 1—Hercoglossa danica Schloth. Lateral view of small specimen from type 
Danian of Denmark. Linear dimensions reduced one half. 

Figure 2—Hercoglossa danica Schloth. Lateral view of juvenile specimen from 
type Danian of Denmark. Natural size. 

Figure 3—Hercoglossa danica Schloth. Lateral view of large specimen from Danian 
of Tercis, France. Linear dimensions reduced one half. Not retouched. (Apertural 
view of same specimen, Plate 133, figure 1.) 

Figure 4—Hercoglossa (Cimomia) diderrichi Vincent. Reduced reproduction of 
Vincent’s Plate 6, figure 1. This lower Eocene species (together with Nautilus 
landanensis) from Landana, Africa, is said by Gardner to ‘“‘have more than a 
generic resemblance to Enclimatoceras vaughani.” 
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